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Felsic intrusions present ubiquitous structures. They result from the differential interactions between the
magma components (crystal, melt, gas phase) while it ﬂows or when the ﬂow is perturbed by a new
magma injection. The most obvious structure consists in fabrics caused by the interactions of rotating
grains in a ﬂowing viscous melt. New magma inputs through dikes affect the buk massif ﬂow, considered
as global within each mineral facies. A review of the deformation and ﬂow types developing in a magma
chamber identiﬁs the patterns that could be expected. It determines their controlling parameters and
summarizes the tools for their quantiﬁcation. Similarly, a brief review of the rheology of a complex multi-
phase magma identiﬁes and suggests interactions between the different components. The speciﬁc re-
sponses each component presents lead to instability development. In particular, the change in vorticity
orientation, associated with the switch between monoclinic to triclinic ﬂow is a cause of many in-
stabilities. Those are preferentially local. Illustrations include fabric development, shear zones and ﬂow
banding. They depend of the underlying rheology of interacting magmas. Dikes, enclaves, schlieren and
ladder dikes result from the interactions between the magma components and changing boundary
conditions. Orbicules, pegmatites, unidirectional solidiﬁcation textures and miarolitic cavities result from
the interaction of the melt with a gaseous phase. The illustrations examine what is relevant to the bulk
ﬂow, local structures or boundary conditions. In each case a ﬁeld observation illustrates the instability.
The discussion reformulates instability observations, suggesting new trails for ther description and
interpretation in terms of local departure to a bulk ﬂow. A brief look at larger structures and at their
evolution tries to relate these instabilities on a broader scale. The helical structures of the Rícany pluton,
Czech Republic and by the multiple granitic intrusions of Dolbel, Niger illustrate such events.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
A long-accepted concept considered granitic plutons as the
ﬁnal result of the crystallization of a magma body, with pluton
implicitly equated to a magma chamber. This ﬁrst period of
reasoning in chemical terms and essentially static suggests a
magma evolution by differentiation and crystal fractionation, i.e.
mainly controlled by melt-crystal interactions. Another, more
recent view of granitic bodies considers an incremental growth by
successive magma pulses (Vigneresse, 2008; Annen, 2009).
Viscous bubbly ﬂows behaving as a suspension of solid crystals are
able to mingle with each other, and evolve to a locked aggregate of
particles before solidifying. The partly crystallized magma is333 8368 4701.
.
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).re-alimented by successive inputs of different composition thus
modifying and perturbing the ﬂow, inducing instabilities. Such a
dynamic view of a granitic body should have implications on the
structures recorded by the magma. It implies a bulk ﬂow,
commonly monoclinic and equal to a shear ﬂow leading to fabric
development by alignment of some minerals. Different magma
inputs may develop their own fabric. Consequently, a “granite is
never isotropic” (Bouchez, 1997). This anisotropic and discontin-
uous aspect of ﬂow and growth is at present generally admitted. It
has been conﬁrmed by ﬁeld observations (de Saint Blanquat et al.,
2006), structural discontinuities (Vigneresse and Bouchez, 1997;
Memeti et al., 2010) and age determinations (Miller and
Paterson, 2001; Coleman et al., 2003; Leuthold et al., 2012). It
has been veriﬁed by analogous (Román Berdiel et al., 1995; Arbaret
et al., 1996) and numerical experiments (Rabinowicz and
Vigneresse, 2004). Field observations also reveal heterogeneities
in the ﬂow regime (Weinberg et al., 2001; Paterson, 2009; Clarke
et al., 2013), indicative of local instability.ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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caused by variations of the external stress pattern (Vigneresse,
1995), or by the rate of magma new inputs (de Saint Blanquat
et al., 2011; Caricchi et al., 2012). The bulk magmatic fabrics,
recorded during sequences of crystallizing minerals (K-feldspars,
biotites, quartz), are interpreted as a shear ﬂow acting when the
magma was still ﬂowing during emplacement. The bulk ﬂow is
considered to be relatively homogeneous within each facies
(Bouchez, 1997). Locally, deformation can modify the bulk fabrics,
through displacement at the wall margins, or interactions with
another facies, thus modifying the boundary conditions. New
intruding magmas also disturb the bulk fabric locally, dikes and
veinlets being the more commonmanifestations. Such newmagma
inputs also bring their own ﬂuid content, exsolving during partial
crystallization (Bachmann and Bergantz, 2006; Huber et al., 2011).
The interactions between the hot magma, with low crystallinity
and high ﬂuid content, and a partially crystallized magma or mush,
develop speciﬁc textures. They have been recognized in the ﬁeld,
but more rarely integrated within the growing history of a magma
chamber. The variations in magma components (melt, crystal and
gas) alter the rheology of the ﬂowing magma. Their differential
reactions to ﬂow imply variations in ﬂow velocity, and are the
causes of instabilities development. At last, the interactions be-
tween those components lead to switches among the different
responses of the components to the ambient stress ﬁeld.
The present paper aims to identify speciﬁc textures and ﬂow
regime instabilities. It speciﬁcally considers a magma as a variable
mixture of three components or physical phases (melt, crystal and
gas). It aims at indentifying the structures recorded by the magma
caused by interactions among those three components. The paper
ﬁrst examines the existing tools for apprehending deformation and
determines the theoretical ﬂow patterns. This ﬁrst section is also a
brief review of techniques and concepts that may be familiar to
structural geologists. They need to be summarized for their impli-
cations in ﬁeld studies and petrological consequences. Then, the
paper examines the interactions of the three components for their
strain response to stress. The three components are rarely exam-
ined together, justifying a brief state of the art. This introduces the
non-dimensional numbers controlling ﬂow stability, in relation
with the identiﬁed ﬂow types. The type of instability characterizes
the structures observed on the ﬁeld. Each is illustrated depending
on whether it relies on rheology or on the interactions between
components. A discussion follows about the causes of instabilities
and their implications.
2. Deformation and ﬂow types
It appears important to summarize the deformation acting
within a magma chamber, with the adequate tools used to under-
stand the underlying processes. Indeed, if the manifestations of the
bulk ﬂow are presently admitted, the local patterns generated by
instabilities lack to be recognized and analysed. They slightly
depart from the conditions of the bulk ﬂow, but may have totally
different representations in the ﬁeld.
2.1. Deformation in a magma chamber
The generation and emplacement of igneous bodies intimately
relate to an ambient stress pattern (Vigneresse, 1999, 2008).
External stresses (local deformation ﬁeld and gravity) drive melt
segregation in the source region. Melt segregation is essentially
discontinuous in time (Rabinowicz and Vigneresse, 2004) leading
to discontinuities in the processes of ascent and emplacement.
Consequently, the ﬁnal stage of emplacement is also dynamic,
depending on magma ﬂux. Consequently, granitic bodies may, inpart, record the local stress pattern acting during emplacement
through their deep shape and root orientation (Vigneresse, 1995).
Inversely, they react on the ambient stress pattern (Vigneresse
et al., 1999). Their internal structures record the magma ﬂow dur-
ing the successive pulses that contribute to inﬂate the magma
chamber. The crystallizing magma records the last increment of the
external deformation (Paterson et al., 1989).
Flow heterogeneities result from differences in the magma
properties, hence magma crystallinity, through its viscosity and
density. The rheological properties of the magma depend on the
chemical and mineralogical composition, temperature, and on the
nature and intensity of the ﬂow. The magma composition allows
estimating the value of viscosity (Hui and Zhang, 2007; Giordano
et al., 2008) and density. Field observations and measurements
determine the nature of the local or regional ﬂow. The bulk ﬂow is
generally observed throughout a massif, or more precisely in in-
dividual mineral facies types. It marks by mineral fabrics (Bouchez,
1997). Locally, small scale intrusions, such as dikes of different
composition, commonly cut through their host magma. A rapid
injection velocity induces high strain rates to which the ambient
magma has no time to react. However, when cooling, those in-
jections may record the strain induced by the surrounding ﬂowing
host magma. Chemical diffusion also operates on this new magma,
but with a different time scale (Vigneresse, 2007). Dike dismem-
bering, enclaves involved in the ﬂow, magma fragmentation under
the action of ﬂuids locally create structures that record ﬂow pat-
terns different from the bulk fabric. Such structures resulting from
ﬂow instabilities are essentially local (e.g Weinberg et al., 2001;
Barbey, 2009; Paterson, 2009). Density effects or changes in
boundary conditions induce ascending or descending ﬂows,
generally with a rotational (vorticity) component (Clarke et al.,
2013). Chaotic behaviour of the roof or wall pieces contributes to
disturb the bulk magma chamber, implying also speciﬁc chemical
reactions, indicated by unusual mineral facies (Abdallah et al.,
2007).
2.2. Flow types
The ﬂow or velocity gradient tensor (L) records the strain
deformation imposed to a viscous or rigid body. When L is space-
independent and does not vary throughout the deforming mate-
rial, the ﬂow is homogeneous, otherwise it is heterogeneous. The
ﬂow is steady if L is time-independent, otherwise it is non-steady
(Truesdell and Toupin, 1960).
The ﬂow tensor (L) can be decomposed in the sum of a sym-
metric stretching tensor D, and a vorticity tensor W which is anti-
symmetric (Ramberg, 1975). Both relate to coaxial and non-
coaxial components of the deformation, their eigenvalues and ei-
genvectors indicate the intensity and directions of the ﬂow. The
decomposition of the ﬂow is similar to the partition into the
divergent and the rotational components of the velocity gradient
vector. The Instantaneous Stretching Axes (ISA) delineate the
orientation of the eigenvectors (a, b, c respectively) of the strain
tensor (D). In case of planar deformation of isotropic material, the
stretching directions are parallel to the stress axes. The vorticity
vector (w) is associated to the vorticity tensor. Its magnitude rep-
resents the curl of the velocity vector (v) (Means et al., 1980). It
deﬁnes the rotational component of the ﬂow. The orientation of the
vorticity vector with respect to the stretching directions controls
the symmetry of ﬂow. In simple ﬂow types (monoclinic), the
vorticity vector remains parallel to one of the stretching directions.
Conversely, when the vorticity vector is oblique to the stretching
directions, the ﬂow is triclinic (Robin and Cruden, 1994).
From this analysis, two simple numbers characterize all types
of ﬂow in two dimensions. The kinematic vorticity number (Wk)
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663 637measures the degree of instantaneous non-coaxiality of ﬂow
(Means et al., 1980). It is the internal vorticity normalized to the
magnitude of stretching. The sectional kinematic extrusion
number (Tn) represents the elongation rate parallel to the
vorticity vector, and the sectional kinematic dilatancy number
(An) describes the instantaneous area change. A third number, the
vorticity number (Wn) combines the preceding numbers
(Xypolias, 2010). Those two last numbers allow describing all
types of ﬂow through their streamlines, or particle paths (Fig. 1).
Those are curves describing the progressive change in place of
particles during deformation (Ramberg, 1975). The dilatancy
number separates between non-dilatant ﬂows (An ¼ 0) and
dilatant ﬂows, with increasing or decreasing area. Simple 2D
ﬂows, steady-state and non-dilatant are pure shear (Wn ¼ 0),
simple shear (Wn ¼ 1), and rigid-body rotation (Wn >> 1). More
complex ﬂow types are classiﬁed from the roots of their under-
lying characteristic second order polynomial. According to the
sign of its discriminant, i.e. the number of roots, the ﬂow is hy-
perbolic, parabolic or elliptical (Fig. 1). In hyperbolic ﬂows (such
as pure shear), the ﬂow lines are asymptotic to ISA. Elliptical or
circular ﬂows form open or closed loops, and inward or outward
radiant directed ﬂow types (Xypolias, 2010). In between, parabolic
ﬂows are analogue to simple shear.
The representation of 3D ﬂows is more complex (Iacopini et al.,
2010) because it takes into account the vertical dimension. It is
also based on the magnitude of the vorticity number (Wn) and
dilatancy parameter (An), and strain rate (ε). It requires splitting
the vorticity tensor (W) to incorporate a spin component (eW)
describing the rotation rate of the ISA with respect to the external
system of reference (e). It is easier to use numbers, such as the
trace (TrL), i.e. the sum of the eigenvalues, and the determinant
(DetL), i.e. the product of eigenvalues, of the strain tensor L. The
eigenvalues are determined by a third order polynomial that in-
corporates TrL and DetL (Iacopini et al., 2007). It is of common use
for solving second order differential equations (Manneville, 1991;
Blanchard et al., 2011). By essence, the third order polynomial
may incorporate real and imaginary roots, which explains the
easier mapping of solutions using the tensor descriptors ratherFigure 1. Two-dimensional ﬂow patterns according to vorticity (Wn) and dilatancy
(An) numbers (redrawn from Iacopini et al., 2010; Xypolias, 2010). Hyperbolic ﬂows are
separated from elliptic ﬂows depending on the values, real or imaginary, of the ei-
genvalues of the strain tensor L. Arrows indicate the sense of ﬂow and the instanta-
neous stretching axis are indicated. The ﬁeld of ﬂows occurring in a magma chamber is
shown in grey, limited by moderate area variation (An) and vorticity (Wn) intensity.than the eigenvalues. Identically to the 2D solutions, ﬂow patterns
tend toward attractors (Passchier, 1997). For the simplest ﬂows,
those present ellipsoid, paraboloid and hyperboloid shapes. In
this latest case, the particles follow hyperboloid curves
approaching asymptotically the eigenvector planes. The sign of
TrL determines attraction or repulsion, with analogy to the sign of
An. Similarly, the amplitude of the determinant DetL controls the
vorticity (Wn). The situation becomes complex, with instabilities,
and associated attractors toward which solutions converge, or
diverge (Weijemars and Poliakov, 1993; Passchier, 1997), a situa-
tion that has never been really brought to the structural geologist
community. Sufﬁcient is to say that the 3D description in-
corporates a vertical ﬂow component in addition to the planar
ﬂow, ideally represented as horizontal. It encompasses upward or
downward extrusion that is usually not considered in planar
deformation, but takes importance during transpression or
transtension (Fossen and Tikoff, 1998). Figures of rotating or
pulsating ﬂows described in 2D also exist in 3D, but their vertical
component results in helical, or spiralling, ascending, or
descending ﬂows (Iacopini et al., 2010).
In conclusions, the two numbers An and Wn control the ﬂow
pattern in monoclinic ﬂow. Two other numbers, the extrusion
number Tn and the volume change Vn fully characterize the ﬂow
(Iacopini et al., 2007). In triclinic ﬂows, the vorticity vector is
oblique, non orthogonal to the plane carrying the instantaneous
stretching axes (ISA). Large scale ﬂow patterns (pure or simple
shear) are, by simplicity monoclinic. Triclinic ﬂows are necessary to
exame local structures (single markers deformation).
2.3. Tools for structural studies
Structural studies greatly progressed in the 80’s after the
introduction of ﬁnite deformation allowing strain analysis (Ramsay
and Huber, 1983). Provided strain markers exist in a deformed rock,
several 2D techniques exist, such as stretched-line method, Rf/f
method (Lisle, 1979, 1990) or Fry method (Fry, 1979) amongst them.
All of them suppose initially an undeformed rock. The shape of the
objects in a planar section should be either linear or circular, and
randomly disposed in a plane. In the Fry method, the autocorrela-
tion of markers, i.e. their energy spectrum in terms of respective
position, determines the ellipse of deformation. The technique
works well in ultramaﬁc rocks, in which the spinels can be used as
markers to determine the Fry’s ellipse (Misseri and Vigneresse,
1984). The problem is to ﬁnd such adequate markers in a felsic
magma. Rf/f method (Lisle, 1990) aims to determine the ﬁnal
orientation (f) and the ellipticity (Rf) of deformed markers within
the stretching direction. The method assumes that the elliptical
objects were initially randomly distributed, but with their principal
plane coinciding with the plane of the actual section. The ﬁnite
strain recorded by the rocks is established by comparing the Rf/f
plot with theoretical ones.
Qualitatively, an ellipsoid describes the deformed objects. Its
orientation best represents objects initially of quasi spherical form
and randomly distributed in space (Ramsay and Huber, 1983). The
eigenvalues of the deformation tensor L determine the axes of the
ellipsoid, and the eigenvectors provide its orientations. The eigen-
values (X > Y > Z) also determine some shape parameters, such as
the intensity of the deformation R and the strain symmetry K
R ¼ X=Z (1)
K ¼ ðX=Ye1Þ=ðY=Ze1Þ (2)
Those descriptors help to construct a Flinn diagram (Flinn,1962)
for plotting the strain parameters Ln(X/Y) as a function of Ln(Y/Z).
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ﬂattening (K ¼ 0), plane strain (K ¼ 1) and constrictional (K ¼N).
Flattening corresponds to S tectonites owing to horizontal exten-
sion, or uniaxial oblate objects. Vertical extension deﬁnes the L
tectonites, or uniaxial prolate objects. In between when L ¼ S, it
corresponds to plane strain. The distinction between oblate and
prolate objects is the base of strain measurements and interpreta-
tion (Flinn, 1979).
In igneous felsic intrusions, the average plane intersecting par-
allel to the K-feldspar, and/or to the biotite subfabric trace de-
termines the foliation plane (Oertel, 1955). The trace of elongate
markers such as the long axis of the K-feldspar s or amphiboles
determines the lineation (Law,1990). The shape of tabular and platy
biotite grains does not facilitate the determination of lineation, but
can help in determining the foliation plane. The equivalence be-
tween the intersection of planes determined from different min-
erals and the ﬂow plane is veriﬁed when vorticity is within the ﬂow
plane, that is when the ﬂow is close to simple shear. Otherwise,
imbricated fabrics may be observed depending on the considered
mineral shape (Schulmann et al., 1997).
Minerals preferred orientation in deformed polycrystalline ag-
gregates is based on dislocation theory of crystal plasticity for un-
derstanding the ﬂow to which rocks have been submitted.
Observation techniques include microscopy (Wenk et al., 1986) and
X-ray diffraction to study textures and microstructures (Mainprice
and Humbert, 1994). Crystallographic preferred orientation (CPO)
measurements use the universal (U) stage (Simpson and Schmid,
1983). Shape preferred orientation (SPO) analysis uses digital im-
age processing (Panozzo, 1987; Launeau et al., 2010) and further
reﬁnements (Launeau and Robin, 1996). However, as many obser-
vational techniques, the methods are long and time consuming.
Those techniques have been scaled through joint experimental
deformation (Means and Paterson, 1966). Other techniques, dedi-
cated to microtextures, focus on temperature, dependence (Pawley
and Collins, 2002); strain (Panozzo-Heilbronner, 1992; Kruhl and
Nega, 1996); or strain rate (Takahashi et al., 1998).
Electron Back Scattered Diffraction (EBSD) determines crystal
orientation maps (Xie et al., 2003). The electron beam scans over
the sample and measures the orientation from the diffraction
pattern at each point. In a crystal orientation map, points with
similar crystal orientations are shown in similar colour. Grains are
built as a region of the sample where the crystal orientation is the
same. Maps show the position of all the grains and grain bound-
aries. From EBSD measures crystal orientation, data can be used to
analyse the sample texture. Applications have been ported to bio-
tite orientations in schlieren from the Jizera granite, Bohemian
Massif (Zák et al., 2008a). Textures from several samples cored into
the schlierens are interpreted in 3D, showing a complex velocity
gradient on a laminar ﬂow, or/and some horizontal constriction
overprinted by a vertical tube-like stretching.
Digital investigations have boosted studies about natural shapes
or volumes of deformed objects, whatever they are single grain or
minerals aggregate. In particular, fractality, or self-similar dimen-
sion, of objects is indicated by a non integer dimension for the
considered object (Mandelbrot, 1982). In other words, the dimen-
sionwill follow a power law depending on the rule used tomeasure
it. For instance, a line, or curve, is commonly represented with its
usual dimension of 1.0, but when this line is the part of a grain
boundary, it may adopt a dimension larger than unity, depending
on the scale under which it is measured. It means that a boundary,
with a fractal dimension of 1.8 for instance, may occupy nearly all
the planar domain (with usual dimension 2.0). This has consider-
able applications for natural objects (Turcotte, 1997). In particular
for deformed objects, box counting and sequential analysis of
length provide the expected dimensions on a scale that spans overmore than 2 orders of magnitude (Peternell et al., 2011). Deformed
mineral aggregates can be investigated from samples, the surface of
which have been cut parallel to the principal strain sections XZ, YZ
and XY. The measured fractal dimensions in each surface are
compared to infer the fractality in 3D. Such studies can be per-
formed from thin sections to ﬁeld mapping, extending the scale of
dimensionality. It leads to determine rock anisotropy and detection
of the mineral shape preferred orientation giving way to estimate
the magmatic lineation and mineral distribution fabrics (Peternell
et al., 2011). Methods for determining fractality have recently
been reviewed (Kruhl, 2013), including box counting method,
Cantor-dust method or interval-counting technique, structured-
walk method, and density dimension method. All those methods
have applications for 2D or 3D analysis, including shape, volume,
orientation, spacing, giving access to pattern scaling, pattern in-
homogeneity, and pattern anisotropy. The fractal character allows
estimating the strain rate in ﬂowingmagmas when used with other
methods (Mamtani, 2010). Using other microstructures (quartz
chessboard, feldspar re-crystallization, twinning in feldspars) al-
lows bracketing the temperature (Pawley and Collins, 2002).
Rather than examining minerals preferred orientation, the use
of the anisotropy of magnetic susceptibility (AMS) allows deter-
mining an ellipsoid through repeated measurements along ori-
ented directions, thus imaging the distribution of magnetic
minerals (Bouchez, 2000). Magnetic susceptibility (c) is the
parameter linking the magnetic ﬁeld of the sample to the external
magnetic ﬁeld. It depends on the type of magnetism, dia-, para-,
ferro-, antiferro- and ferri-magnetism carried by minerals. The ﬁrst
two types result in induced magnetization, whereas the three
remaining are permanent, below a critical temperature. In reduced
magmas, paramagnetic minerals (biotite, amphibole, Fe-Mg min-
erals) describe such AMS (Bouchez, 2000). The susceptibility values
range (10e1000)  106 SI. The contribution of diamagnetism,
essentially carried by water, and quartz as a mineral, is very weak
and negative (14  106 SI), making it negligible. Conversely, in
oxidized magmas, magnetite and ferromagnetic minerals carry
strong permanent magnetization (Archanjo et al., 1995). They are
used for paleomagnetic studies. The susceptibility values are from
0.1 SI for ilmenite to 2.8 SI in multi-domains magnetite (Borraidale
and Henry,1997). Though bothmethods require separate apparatus
working in low or high ﬁeld, they provide the same kind of infor-
mation (Gaillot et al., 1995; Bouchez, 2000).
Granitic intrusions are easily separated from their magnetic
susceptibility into magnetite-series and ilmenite-series (Ishihara,
1977). The intensity of the magnetic susceptibility c allows sepa-
rating the different magnetic contributions. It basically links to the
amount of ferro-magnesian and titanium-bearing minerals. The
map of intensity of the magnetic susceptibility, especially for
paramagnetic minerals, allows drawing a map of mineral facies,
separating biotite- from biotite-muscovite- and muscovite-
dominant facies (Gleizes et al., 1993; Vigneresse and Bouchez,
1997).
A large list of different shape parameters has been compiled
from various authors and methods (Cañon-Tapia, 1994), in which
many are redundant. The principal susceptibilities values usually
write k1 > k2 > k3 (Borraidale and Henry, 1997), but their loga-
rithmic values are mostly used (Jelinek, 1981). Identically to the
parameters (R and K, Eqs. 1 and 2) deﬁned for the deformation
ellipsoid, the degree of anisotropy P and the shape parameter T
(Jelinek, 1981) are given by
P ¼ k1=k3 (3)
T ¼ ½log ðk2=k3Þelog ðk1=k3Þ=½logðk2=k3Þ þ log ðk1=k2Þ (4)
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anisotropy L and of planar anisotropy F (Bouchez, 1997)
L ¼ k1=k2 (5)
F ¼ k2=k3 (6)
The orientations of the magnetic eigenvalues allow deﬁning
similar information than those obtained from ﬁeld or laboratory
observations and measurements. The parameter P deﬁnes the
shape factor of the magnetic ellipsoid. Greater than unity, it
generally ranges below 1.5. The sign of the parameter T separates
prolate (T ¼ 1) from oblate (T ¼ 1) objects. A magnetic foliation
plane corresponds to the S fabric, i.e. schistosity, whereas the L
linear fabric determines the magnetic lineation. However, because
AMS deals with magmatic ﬂows, the determination of the lineation
is more important than the foliation plane.
The different shape of the magnetic minerals may induce
different response to strain, resulting in multiple magnetic fabrics
(Hrouda, 1993; Zák et al., 2007, 2008b; Kratinová et al., 2012).
Indeed, major magnetic minerals present individual magnetic pa-
rameters (P, T) such as biotite (1.34, 0.88), amphibole (1.14, 0.53) or
K-feldspar (1.12, 0.38) as compiled (Schulmann and Jezek, 2012). A
constrictional AMS may therefore result from superimposition of
successive deformation events. In migmatites, the consistent dif-
ferences in AMS parameters between carriers, namely biotite
(paramagnetic) and magnetite (ferromagnetic), including differ-
ences in the orientations of the lineation suggest a kinematic non-
coaxial strain (Ferré et al., 2004).
Nevertheless, the different techniques are essentially descrip-
tive for orientations and quantitative for shape parameters, but
they should be correlated with microstructures to infer the strain
rate (Mamtani and Greiling, 2010). In addition they essentially
examine solid/viscous or viscous/gas interactions. A full description
of three-phase materials is actually lacking.Figure 2. Map of the strain rate (g) as a function of shear stress (s), both in loga-
rithmic coordinates, for a felsic melt and its matrix, with the corresponding viscosity
values (h). A zone (in grey), delimited in both stress and viscosity values, corresponds
to felsic magmas (crystal þ melt). The effect of crystal suspension (V up to 5%) is
indicated, corresponding to the Einstein-Roscoe formulation (Eq. 16).3. Magma rheology
Rheology describes the relation between strain (ε or g) and
stress (s or s). Inwhat follows, simple shear conditions (s and s) are
adopted for commodity. Time dependent effects imply a strain rate
(g) in response to stress (Ranalli, 1995). For partially molten rocks
(PMR), the melt and the matrix are the two end-members. Pro-
gressively increasing the content in one phase alters the rheology of
the whole two-phase material. Structures within PMR contradict
the assumption of a homogeneous response and rule out any
description of a PMR by any averaging or effective property. A
description of the PMR rheology should take into consideration: (i)
the amount of the solid phase (V) and/or gas phase (b); (ii) the
intrinsic viscosity hM, hm and hg of each phase (matrix, melt, gas);
(iii) a time dependent factor that relates strain rate (g) to stress (s).
Owing to large variations in viscosity values, the strain response to
stress plots in a log-log diagram.
A subsequent 3D (Feheg) or (Feseg) diagram (Vigneresse
et al., 2008) enlarges a former insight into the rheology of PMR,
which gave evidence for two thresholds bracketing a speciﬁc region
in which instabilities develop (Vigneresse et al., 1996). Those in-
stabilities were attributed to the non-linear the melt distribution
and the rheological contrast between melt and matrix (Burg and
Vigneresse, 2002). Adding a third gaseous phase does not
simplify the problem because gas bubbles easily deform. The ﬁrst
experiments with bubbles content (b) showed a moderate decrease
in effective viscosity (Bagdassarov and Dingwell, 1992). Conversely,
other experiments on rhyolite (Stein and Spera, 1992) demonstratea slight increase, in proportion a little higher than the increase for a
similar suspension of crystals.
3.1. Rheology of the melt
Experimental data indicate that granitic melt is Newtonian
under natural conditions, i.e. shows linearity between strain rate
(g) and stress (s). The constant viscosity (h) is given by
g+ ¼ s=h (7)
At 700e900 C, the viscosity of a granitic magma is 106e108 Pa$s
and 103e106 Pa$s for a basalt (Clemens and Petford, 1999). At strain
rates higher than 104.5 s1, the viscosity diminishes with
increasing strain rate, becoming non-Newtonian (Webb and
Dingwell, 1990). However, such strain rates are rarely observed in
geological situations. The logarithmic equation for the melt,
assumed to be Newtonian, translates into a linewith constant slope
(Fig. 2)
logg ¼ logse6 (8)
Viscosity values can be estimated from the chemical composi-
tion of the melt (Hui and Zhang, 2007; Giordano et al., 2008).
3.2. Rheology of the matrix
The matrix, considered as a solid rock, follows a power law
rheology (Kohlstedt et al., 2000).
g ¼ snA expðeQ=RTÞ (9)
Constants A, n, and Q (the activation energy), are experimentally
determined. R is the perfect gas constant (8.31 J/mole) and T is the
temperature. In most rocks, n is close to 3, reﬂecting dislocation
creep. The temperature (800 C) is the liquidus temperature of a
granitic magma, corresponding to the biotite breakdown reaction
(Patiño Douce and Beard, 1995). Adopting experimentally derived
values for amphibolites (Kirby and Kronenberg, 1987) as a proxy for
PMR of granitic composition, log A ¼ 4.9 and Q ¼ 243 kJ/mole.
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another line with a slope (n) and a constant value g0 at the origin of
ordinates
logg ¼ n logsþ g0 (10)
Adopting experimental values produced for amphibolites (Kirby
and Kronenberg, 1987) and a temperature of 800 C, the pre-
exponential and exponential terms combine, yielding a line with
slope 3 and a constant initial value g0 ¼ 32. The equivalent vis-
cosity (Fig. 2) plots with a line of slope 3/2 and a constant incor-
porating the exponential terms
logg ¼ 3=2 loghþ 16 (11)
The two curves for the melt andmatrix plot in a log-log diagram
with stress and strain rate (Vigneresse and Burg, 2004).
3.3. Rheology of the gaseous phase
The introduction of a gaseous phase must take into account the
deformation of bubbles that depends on the shear rate (Bagdassarov
et al., 1994). The capillary number Ca is the ratio of shear stresses
that deformbubbles to the surface tension stresses that tend to keep
bubbles spherical. It characterizes bubble deformation
Ca ¼ mg a=G (12)
in which G is the surface tension, a is the bubble diameter and m is
the suspending ﬂuid viscosity with density r. The whole is under
shear rate g. For low Ca, such as at low viscosity or high shear rate,
surface tension plays an important role. At last, the Bond number
(B) compares the gravity forces (Dr g) applied to a bubble of radius
(a) to surface tension (G).
B ¼ Dr ga2
.
G (13)
Hence assuming values for bubble diameter (a ¼ 1 mm), surface
tension G averages about 0.1 N/m, and viscosity m of the magma
106 Pa$s, values for Ca are in the range of 104 g, thus resulting in
Ca<< 1 in natural conditions, with shear rate of the order of 106 to
1010 s1. Capillary forces dominate (cf section 3.9 on Reynolds
number) in magma ﬂowing in a magma chamber (L ¼ 5 km) ﬂow
(Rust et al., 2003). In a silicatemagma, the Bond number is very low,
in the range of 106 indicating that surface tension dominates over
buoyancy.
Wetting participates to bubble motion, especially in a dense
mush. The wetting angle and morphology of crystals are critical for
bubble nucleation (Hurwitz and Navon, 1994). Nevertheless, their
use should be restricted to equilibrium conditions only. Fe-Ti oxides
are very efﬁcient sites for nucleation sites, but in contrast, feldspar
and quartz crystals are poorly observed in contact with bubbles.
Bubbles grow very close to the feldspar grains, but they never
wetted their surface (Hurwitz and Navon, 1994; Pistone et al.,
2012). It has negative consequences on the enhanced motion of
gas within a mush.
3.4. Bubbly ﬂows
The rheology of bubbly viscous ﬂuids is complex. For small Ca,
bubbles remain nearly spherical, and the effective viscosity de-
creases with low suspensions of ﬂuids (b < 0.15).
h ¼ h0ð1þ f bÞ (14)
The coefﬁcient f varies from þ1 for spherical bubbles to 1.6 for
elongated inviscid inclusions. For sufﬁciently large strains (g > 1)the effective viscosity of suspension (b > 0.3) is greater than unity
(Manga and Loewenberg, 2001).
The introduction of gas bubbles in a viscous ﬂuid initiates in-
stabilities caused by the deformability of the bubbles. They are
commonly much lighter than themelt and they naturally ascend by
gravity through a poorly crystalline melt. Shear initiates at the
contact between the bubble and the melt. A wake develops behind
the ascending bubble. The gas phase, more mobile than the viscous
melt, organizes itself in structured patterns. First bubbles nucleate
from magma heterogeneities, from which they grow and coalesce.
The energy required for bubble nucleation mainly relates to the
surface tension between melt and vapour, and the super-saturation
pressure (Navon et al., 1998). Estimated values for the surface
tension vary with melt composition, temperature, and dissolved
water, but they range from 0.05 to 0.5 N/m in silicate melt
(Bagdassarov et al., 2000; Mangan and Sisson, 2000). The satura-
tion water pressure also ranges from 0.065 N/m at depth to 0.27 N/
m in quasi dry conditions (Bagdassarov et al., 2000). It results that
surface tension dominates bubble nucleation. Once they form,
volatiles diffusion control bubble growth by though it has to
overcome the viscous resistance of the melt (Gardner et al., 1999).
Finally bubble coalescence controls the evolution of bubble popu-
lation, but the underlying process remains poorly known (Herd and
Pinkerton, 1997).
When an ellipsoidal bubble moves into a viscous shear ﬂow, the
condition of zero torque imposes a restriction on the orientation of
the bubble which has consequences on its lateral motion
(Magnaudet and Eames, 2000). Identically, the wake beyond the
bubble develops an unstable vortex depending if the bubble is free
to move or not (Govardhan and Williamson, 2000). Strain parti-
tioning generates vorticity on multi-phases material (Vigneresse
and Tikoff, 1999) that alters the wake. The generated stress and
torques acting on the body is a combination of added-mass effects,
skin friction and free vorticity (Magnaudet and Eames, 2000). The
added-mass effects correspond to the instantaneous change of the
hydrodynamic force and torque induced by a differential acceler-
ation between the bubble and the melt. They are both independent
of the melt characteristics, nor they depend on the boundary con-
ditions at the interface between the bubble and the melt (Mougin
and Magnaudet, 2002). The wake behind a spheroidal bubble be-
comes unstable when the vorticity produced at its surface increases
(Magnaudet and Mougin, 2007). When the bubble aspect ratio
exceeds a critical value, thus increasing its Reynolds number, the
axisymmetric wake becomes unstable, developing two counter-
rotating vortex tubes of streamwise vorticity. They induce a hori-
zontal force on the bubble, about a quarter of the gravitational
forces (Zenit and Magnaudet, 2009). As a result, instability de-
velops, altering the straigtht path of the ascending bubble leading
to zigzagging motion and helical ascent (Zenit and Magnaudet,
2008). The double-threaded wake behind the bubble explains the
curved path of the bubble. It is associated with a ﬂuid velocity
normal to the direction of motion. This force, normal to the direc-
tion of motion modiﬁes the momentum carried and is opposed to
the lift force exerted on the bubbles. The addition of the two forces
causes the bubbles to follow a curved path (de Vries et al., 2002).
3.5. The limits of the intermediate case
The types of ﬂow described in Section 2.2 are observed during
deformation of homogeneous material. The introduction of a less
viscous and/or a gaseous phase modiﬁes the material, and conse-
quently its rheology (Section 3.1e3.4), leading to instabilities
because the strain response depends on which phase is affected
(Section 3.5). In consequence, instabilities develop within one
phase when the rheology becomes non-linear with strain or with
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shear thickening. In both cases, the time response to stress varies,
inducing a relaxation time that will decrease or increase.
The rheology of a multi-phase material behaves according to the
proportion of one phase relative to the others. The amounts of the
solid phase (F) and of the gaseous phase (b) are intrinsic variables.
In a ﬁrst step, pure melt is considered. Within the temperature
range of melting, the melt is Arrhenian, i.e. its viscosity exponen-
tially decreases with temperature, according to the activation en-
ergy E
h ¼ h0expðE=RTÞ (15)
A typical value for E is about 300 kJ/mole (Maaløe, 1985) close to
that of the activation energy of dislocation creep for amphibolites.
Therefore, both melt and matrix keep constant their viscosity
contrast while temperature varies. The viscosity contrast between
melt and matrix ranges 8 to 14 orders of magnitude under
magmatic conditions (Burg and Vigneresse, 2002).
During crystallization, the number of solid particles increases.
They may interact, leading to the so-called Einstein-Roscoe law
(Einstein, 1906; Roscoe, 1952).
h ¼ h0ð1  F=FmaxÞn (16)
in which h0 is the initial melt viscosity, Fmax is the maximum
packing assemblage, and n is a power coefﬁcient, commonly 2.5.
Values are experimentally determined for dilute suspensions
(Jinescu, 1974). At higher concentrations, particle interactions
become important. Taking into account the maximum packing
value, the exponent changes to 1.8 Fmax, (Krieger and Dougherty,
1959). With the increasing amount of solid particles, the latter
develop a semi-rigid framework able to transmit compressional
stresses. This “rigidity” threshold (Guyon et al., 1990) is followed by
a second threshold above which the system is locked (Vigneresse
et al., 1996). Nevertheless, the use of “averaged” viscosity similar
to those used for dilutions, but extrapolated to higher crystallinity
is meaningless, and physically erroneous, because of strain parti-
tioning between the two phases (Vigneresse and Tikoff, 1999).
3.6. Crystal-melt-gas behaviour
At present, the rheolgical or physical properties of three-phase
mixtures have not been intensively investigated. A singular study
on crystal- and bubble-bearing synthetic rhyolite using oscillatory
experiments has been issued (Bagdassarov et al., 1994). But there is
no physical model describing the rheology of three-phase magmas.
The development of Paterson gas apparatus (Paterson and Olgaard,
2000) allowed examining high temperature behaviour of mixtures
with any of the three phases (Caricchi et al., 2007; Forien et al., 2011;
Pistone et al., 2012). Naturally, the strain rate, in torsion (simple
shear), is limited to high values (5  106 s1 to 4  103 s1).
Experimental deformation of melt bearing matrix has ﬁrst been
limited to high strain rate (about 104 s1) and restricted melting
(Rutter and Neumann, 1995). More recent experiments (Caricchi
et al., 2007; Costa et al., 2009) have been issued and compiled
(Caricchi et al., 2012). They are still realized under high strain rate,
and results are reported in a diagram (Fig. 4).
Different sets of sample have been tested, with starting condi-
tions ranging 0.0 to 0.65 for crystallinity (F) and 0.02 to 0.12 for the
gas phase (b). External conditions for temperature (400e500 C)
and pressure (200 MPa) are ﬁxed in each experiment, whereas
shear strain was increased up to 3.6  106 s1 with a varying step.
In all experiments, an initial phase of linear stress increase with
strain is followed by a transient yielding stage and ﬁnally by ﬂow at
constant values of stress. These stages respectively correspond tothe elastic response followed by strain hardening and constant ﬂow
(Pistone et al., 2012).
As expected in bubble-free experiments, the relative viscosity
increases with crystallinity (Caricchi et al., 2007). The presence of a
third gaseous phase results in shear thickening at moderate crys-
tallinity (F < 0.44) whereas shear thinning is observed at higher
crystallinity (F > 0.55). The addition of a gas phase slightly reduces
the effective viscosity, but the effect is quite moderate. Gas con-
centration (b ¼ 0.10) reduces viscosity by 0.1 order of magnitude
(Pistone et al., 2012). The bubble number density is moderately
reduced with strain. Individual bubble shape presents strong
stretching, and break up similar to bubble boudinage. An unex-
pected change from shear thickening to shear thinning correlates
with an initial oblate shape of the bubbles switching to a prolate
shape. In the ﬁrst case, the initial shape leads to bubble coalescence
and outgassing, inhibited in the case of prolate shape.
The speciﬁc case of high crystallinity mush (F ¼ 0.65 and
b ¼ 0.09) is characterized by accentuated shear thinning. It results
from crystal size reduction and shear banding, joint with strain
partitioning for melt and bubbles, with bubble break-up, whereas a
few gas loss induces a small amount of shear thickening (Pistone
et al., 2013).3.7. Gas interaction within a high crystallinity mush
In all preceding cases, the rheology was rather simple. Even in
the case of three physical phases, the system could be considered as
a quasi two-phase system, dominated by the melt, assuming that it
could be a suspension of crystals and bubbles, i.e. a modiﬁed single-
phase. However, the situation may change when one of the three
components takes over the others. In case of a highly crystalline
mush (F > 0.5) the magma rheology is dominated by the solid
phase (Rosenberg and Handy, 2005), with a smaller amount of melt
and gas. Crystals form a loose framework able to sustain
compression, but unable to resist simple shear (Vigneresse et al.,
1996). The melt is still able to ﬂow in the interstitial spaces, but
its motion is hampered by tortuosity (Boudreau, 1996; Zalc et al.,
2004). The melt viscosity is that of the melt near the liquidus,
though increased by cooling. An effective viscosity mixing the melt
and the crystals (f.i. Arzi, 1978) has no meaning for it denies all
strain partitioning (Vigneresse and Tikoff, 1999). The gaseous phase
is usually the minor phase.
At very high crystallinity values (F > 0.75) the quasi locked
framework of crystals reduces themotion of thematrix. Themotion
of melt and the gas through a tortuous porosity drastically changes.
Numerical simulations using Lattice Boltzmann methods (LBM) are
required (Aidun and Clause, 2010; Parmigiani et al., 2011). The
method solves the plain Navier-Stokes equations for incompress-
ible ﬂuids in multiphase environments (Chopard and Droz, 1998). It
also encompasses advection-diffusion, as well as thermal problems,
thus allowing examining heat and/or enthalpy effects (Huber et al.,
2008). These reactions affect the porous media modifying local
permeability or/and phases saturation. Mass transport by ﬂows in
multiphase porous media is ruled by pressure gradients, buoyancy,
viscous and capillary forces. Their internal competition determines
the ﬂow type, leading to capillary instabilities (Parmigiani et al.,
2009).
The numerical code is an open source parallel Lattice Boltzmann
solver (Palabos, 2010). The synthetic porous media matrix is
composed with about 20,000 crystals with various shapes and
sizes, and it represents a grid with 200  200  300 lattice nodes.
The mean pore radius is about 10 grid nodes. The crystalline porous
matrix is built through a nucleation and growth algorithm (Hersum
et al., 2005).
Figure 3. Unscaled stress-strain rate diagrams for magmas (Fig. 2) with the different possible paths from the melt and its matrix. Depending on the number of roots (or crossing of
the path) the diagrams indicate instabilities development, in either common strain rate (a, b) or common stress (c, d) for a linear or rotational Couette ﬂow. The paths (a, c) are from
the melt to the matrix, whereas paths (b, d) are from the matrix to the melt.
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represented by a basaltic melt, the size and shape of the forming
minerals being constrained. The model tested a variety of kinetic
models for nucleation and crystal growth especially for plagioclase
and clinopyroxene. No gas phase was present. The onset of a ﬁnite
yield strength is a percolation threshold for both the crystalline
network (V above 0.78) and melt. The porous melt ﬂow is localized
into high ﬂux channels (Hersum et al., 2005).
In a more recent attempt (Parmigiani et al., 2011), the model
examines the behaviour of the melt and gas phase within a high
crystallinity mush (F > 0.50). When bubbles nucleate, they have
to displace the other ﬂuid, i.e. the melt, much more viscous than
the gas. Three major ﬂow regimes are commonly observed such
as (i) compact displacement (CD) (Lenormand et al., 1988), (ii)
capillary ﬁngering (CF) or invasion percolation (Wilkinson and
Willemsen, 1983), and (iii) viscous ﬁngering (VF) (Paterson,
1981). They especially form in horizontal planes when the
gravity effects are negligible (2D situation). They also develop inFigure 4. Effective viscosity of a mush (liquid þ solid) depending on the strain rate
(g). The diagram is calibrated in inverse of viscosity, scaled in logarithmic units versus
the solid phase content (V). Diverse values of strain rate are indicated, with the
experimental values (g about 104 to 105 s1) reported (Rutter et al., 2006) and
zoned in grey (Caricchi et al., 2012). The inset of instabilities (in light grey) occurs at
lower strain rates (below 1010 s1) when the viscosity curve intersects the critical
zone. The critical value of 1010 s1 ﬁts with the high rate estimated for magma
emplacement (Mamtani, 2012).vertical planes when gravity is involved (3D case). The evolution
from one pattern to another is similar to a phase transition. In
case of compact displacement (CD), the surface tension between
the ﬂuid and the gas predominates. CF occurs for fast displace-
ments, where viscous forces overcome capillary effects and
conversely, VF develops with a rapid breakthrough of the non-
wetting ﬂuid into the wetting ﬂuid. The transition from CF to
VF occurs with the degree of order of the system. In case of a
media highly deformable (Holtzmann and Juanes, 2010), or with
ﬁne solid particles (Jain and Juanes, 2009), fracturing (FR) may
replace either VF or CF. In all cases, except fracturing, the internal
pressure of the gas must be low. Nevertheless, the gas concen-
trates in non or poorly connected bubbles, tapped by the highly
crystalline mush (Fig. 5a, 5b).
A critical gas saturation (CGS) must be reached before the ﬂuid
phase motion can take place (Bear, 1988). CGS usually scales as the
inverse of Bond number (Eq. 13), whereas the invasion front width
scales as its inverse square (Løvoll et al., 2005). In a silicate-richFigure 5. Interactions between a gaseous phase and a mush (crystals þ residual melt)
as modelled by Lattice Boltzman Theory (Parmigiani et al., 2011). For a poorly crys-
tallized magma (Left, V << 0.75), the gas phase freely escapes. For a high crystallinity
mush (Right, V > 0.75) the gas phase is tapped in lids until a critical gas saturation
(b > 20%) above which vertical tubes develop (Huber et al., 2012).
Figure 6. Stability diagrams using non-dimensional number to identify the type of
ﬂow. The Reynolds number determines transition from laminar to turbulent ﬂows.
Conversely, the Stefan number examines the heat carried by the magma and separate
ﬂow from stopping, whereas the Capillary number separates between bubbles ﬂow
driven by surface tension or by buoyancy. Fields of the magma (hatched), bubbles
(white) and pegmatites (grey) are indicated.
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responds to a nearly constant value close to 0.24 for the percolation
threshold (Du and Yortsos, 1999). Critical gas saturation (CGS) is
also observed in a productive oil reservoir when the gas pressure is
too low to activate oil motion implying the loss of recovering the
remaining oil (Handy, 1958). Hence, CGS is the minimum gas
pressure required to establish a continuous gas ﬂow through a
porous medium. Numerical simulations using invasion percolation
methods indicate values close to 30% (Du and Yortsos, 1999).
Generally assumed values are about 20e25% gas (Bear, 1988). Once
the gas pressure overcomes the CGS, the pattern the gas phase
abandons its bubbly structure and forms connected tubes (Fig. 5b).
It corresponds to an invasion percolation (Wilkinson and
Willemsen, 1983; Lenormand et al., 1988). In a magma the CGS
would correspond to the free escape of the gas.
A similar behaviour is observed in degassing cascades in a shear-
thinning ﬂuid (Vidal et al., 2011). Interactions between trains of
bubbles and the ﬂuid lead to complex interactions between bub-
bles. Three regimes of bubble ascent are identiﬁed that depend on
the ﬂux of degassing. For a low ﬂux, bubbles are not connected, and
at high ﬂux they form open channels. A transitional state occurs
between the two states. It suggests that the transition is an effect of
the ﬂuid rheology (Vidal et al., 2011). The ﬂux of ascending bubbles
is intermittent (Divoux et al., 2009).
3.8. Instability developments caused by the rheology
The preceding equations (Eqs. 8, 11) plot in a log-log diagram as
two lines for the matrix and melt respectively (Fig. 2). They present
a different slope, indicating the power law for the matrix. Lines
parallel to that of the melt can be graduated in viscosity, providing
the effective viscosity of the matrix. Within this diagram, a zone is
selected, bracketed in stress (0.1e100MPa) and strain rate (<1 s1).
It corresponds to effective viscosity bracketed between 106 and
1020 Pa$s (Fig. 2). Lines of effective viscosity, not parallel to each
other, indicate the effect of low crystallinity (F up to 0.15) and
gaseous phase (b up to 0.05). The selected zone is the place for the
rheology of a PMR.
Within this area, instabilities develop because the two curves of
the end-members viscosity are not parallel to each other
(Vigneresse and Burg, 2004). In consequence, the followed path
between them is not linear and reﬂects acceleration or deceleration
of the ﬂow. They correspond to shear thinning and shear thickening
respectively. Instabilities develop along paths going from the ma-
trix to the melt, or from the melt to the matrix. Paths can follow a
common strain rate (Fig. 3a, b), or a common stress (Fig. 3c, d). The
path curves depart and end tangentially to the lines for the melt
and matrix. In between the path is contorted. Paths present at least
the two boundary values, i.e. the viscosity of the melt and the
matrix. In case of a contorted path, the path intersects the direct
line between the two extreme values, resulting in a third root for
the viscosity (Fig. 3). The three roots imply instability. Two types of
shear ﬂow are possible, such as a Couette parallel ﬂow, or a Couette
rotational ﬂow (Fig. 3). A path under common stress corresponds to
strain-softening (Fig. 3a, b), whereas a path under common strain
leads to strain hardening (Fig. 3c, d). The instability is a bulk
banding, in planes parallel or orthogonal to the imposed shear.
To understand why instabilities develop, a diagram is con-
structed that plots the viscosity, as a function of the particles con-
tent (Fig. 4). Instead of viscosity, its inverse plots on a logarithmic
scale. This is equivalent to plot the log of the viscosity changed of
sign. Curves start from the melt with log(h1) ¼ 6 and end at the
value of effective viscosity for the matrix, computed for different
shear rates, from 106 to 1018 s1. The curves go through a critical
region at rates below 1010 s1 in which instabilities develop. Thecritical value is within the estimated rate of emplacement
(109e1010 s1) of a pluton (Vigneresse, 2004;Mamtani, 2012). On
the presented diagram (Fig. 4), the experimental data at
104e105 s1 (compilation by Caricchi et al., 2012) are also rep-
resented, explaining why instabilities do not show up at such high
strain rates.3.9. System stability
New instabilities, speciﬁc to the interactions between a few
mobile melt within the mush and the gas phase develop when
melt, crystals and gas are put together. The motion of this three-
phase system can be described by the usual Navier-Stokes and
related equations for deformation. Non-dimensional numbers rule
the motion stability and the transition from steady-stable solutions
to unstable.
Two non-dimensional numbers are essential to describe the
system (Fig. 6), the Stefan and the Reynolds number (Manneville,
1991). The Stefan number (St) is the ratio of the sensible heat to
the latent heat, i.e. it indicates the heat loss through melting or
cooling (Fig. 6a). It scales as the ratio of speciﬁc heat (c) versus
latent heat of fusion (Lf), the whole multiplied by the change in
temperature (DT) with respect to melting temperature Tm.
St ¼ cðTeTmÞ
.
Lf (17)
The melting enthalpy of involved minerals, such as quartz,
plagioclase, K-feldspar and biotites, does not vary signiﬁcantly.
Values are 302, 302, 308 and 453 kJ/kg respectively (Spray, 1992;
Navrotsky, 1995). Thus, only biotites could show a different effect
on melting, and could be considered as restitic on low degree of re-
heating. The bulk magma presents heat capacity of about
1200e1480 kJ/(kg$K) whereas the latent heat of melting ranges
300e420 kJ/kg depending on the bulk composition, the more maﬁc
requiring more energy (Bohrson and Spera, 2001). Values for the
Stefan numbers require distinguishing felsic and maﬁc intrusions.
St ¼ a 10e3DT with a ¼ 4:0

felsic

or 3:5

mafic

(18)
Nevertheless, the Stefan number remains below unity during
new magma intrusions, implying that the heat brought by a new
magma pulse cannot strongly alter the thermal state of the pre-
ceding input. In particular, the reintrusion of magma is able to
locally remelt the host magma, but doing so, it rapidly loses its
energy, thus stops moving. A direct consequence is that a pluton
should not be considered as a whole evolving body but a
Figure 7. Schemas of shear ﬂow with different orientation of the shear planes marked
by arrows and the corresponding vorticity indicated by a pointer. The vorticity is
commonly in a plane orthogonal to shear in case of simple shear (top row) with
different orientation, depending on the plane of shear (a, b). In case of transtension or
transpression, the same situation occurs, with different orientation of vorticity and
shear plane (c, d). When the shear is non-uniform (e), the amplitude of the vorticity
varies accordingly. When the boundary conditions change, as it is the case in varying
thickness of the ﬂow, caused by a change in vertical dimension, the vorticity rotates
by 90 , remaining orthogonal to the bulk shear plane, but can be oriented up (f) or
down (g).
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evolution.
The Reynolds number is the ratio of inertial forces to viscous
forces. Adopting m as the viscosity of the ﬂuid, with density r, and
ﬂowing along a length L, with shear rate of g, the Reynolds number
writes
Re ¼ r gL2
.
m ¼ ru L=m (19)
For a low Reynolds number (Re < 5), the ﬂow is laminar, and it
becomes turbulent for high values (Re > 104). In between the ﬂow
is intermediate, i.e. it may present local departures from a steady
laminar ﬂow. The term in g Lmay be replaced by the ﬂow velocity
u (Burgisser et al., 2005), allowing the use of a more sensible
parameter. Assuming the viscosity m of the magma 105 Pa$s (Bartels
et al., 2011), the kinematic viscosity (y ¼ m/r) may be considered
with the magma density (2400 kg/m3) or with the relative values in
case of magma (m1 and m2) reintrusion (r ¼ r (rm1  rm2)/
(rm1 þ rm2)) and the relative viscosity (m ¼ m (mm1  mm2)/
(mm1 þ mm2)) (Huppert et al., 1986). The shear rate is of the order of
106 to 1010 s1, corresponding to a velocity 0.1 cm/s for a 1 km
long ﬂow to 0.1m/s for a ﬂowalong 0.1 km. The Reynolds number is
of order 10e1e102. The controlling parameters are the ﬂow ve-
locity (the shear rate) and the characteristic length of the ﬂow.
Consequently, the ﬂow is in the range between laminar to inter-
mediate, thus susceptible of local non steady states (Holmes-Cerfon
and Whitehead, 2011). Reaching the turbulent case supposes
increasing the shear rate (or the velocity of intrusion) by 1e2 orders
of magnitude, or decreasing the viscosity by the same amount
(Bergantz, 2000).
Three types of ﬂow (Fig. 6) are identiﬁed in case of injection
within a magma chamber depending on their Reynolds number
(Huppert et al., 1986). A laminar ﬂow exists for low Reynolds
number (Re < 5), that turns to varicose and meander behaviour,
before it becomes unstable and turbulent (Re > 5000). They can be
compared with the Stephan and capillary numbers (Fig. 6a, b). In
those cases of experiments dedicated to magma replenishment
(Huppert et al., 1986; Girard and Stix, 2009), the Reynolds number
is commonly low (Re < 10). Small density contrasts indicate that
buoyancy is a key controlling factor. The injections will rise to the
top of the magma chamber if buoyant or pond at the base if denser
(much more maﬁc) within a low crystallinity magma chamber. In
case of a partly crystallized magma chamber, up to 12.5% of the
mush can be entrained by the new incoming ﬂow (Girard and Stix,
2009). The upward velocity of the new magma remains slower by
2e20 times compared with the velocity of the reservoir if totally
liquid. The injection remains limited in case of high crystallinity
magma chamber, except if the injection rate is high enough to
overcome fracturing.
3.10. Instabilities caused by a change in the attractor
The diagram of deformation ﬂow (Fig. 1) is also indicative of
instabilities, or better said phase transformation in the sense of
phase changes in chemistry. When the two parameters An and Wn
vary, the ﬂow pattern may change from pure to simple shear, or
more complex from simple shear to spiralling ﬂow. Changing the
values of An and Wn, or in 3D the TrL and DetL values corresponds
to modifying the roots of the characteristic equation of the tensor L
(Iacopini et al., 2007). The sign of TrL controls the sign of An, the
latter being dilatant when positive. This situation is reached when
the real part of the eigenvalues is positive. The material tends to
move out from the critical point, or source region. Conversely, when
the real part of the eigenvalues is negative, the source point acts a
sink. In these cases, the ﬂow is controlled by the vorticity Wn, andthe situation is unstable for An positive. The case of TrL ¼ 0 cor-
responds to purely imaginary eigenvalues, with their real part null.
The ﬂow occurs on circles or ellipses, with a closed and cyclical
pattern. The case of DetL¼ 0 corresponds to lowering the degree of
the characteristic polynomial from third to second order, i.e. to
impose a null eigenvalue. In this case, the eigenvalues are reduced
to two only, and the motion is planar. The real parts of the
remaining eigenvalues determine the stability of the spiralling ﬂow
(as above). Assuming a simple deformation, under constant volume
(An ¼ 0) and no extrusion (Tn ¼ 0), the change from pure shear
(Wn ¼ 0) to simple shear (Wn ¼ 1) totally alters the shape
parameter of the deformation ellipsoid. Identically, assuming a
constant vorticity (Wn ¼ 1), a planar simple shear (Tn ¼ 0, An ¼ 0)
may become a sink (An < 0).
Another reading of the attractors diagram (Fig. 1) is possible,
using the divergence (similar to An) and rotational (similar to Wn)
components of the ﬂow, but using the amplitude and direction of
the vorticity vector. The curve separating the elliptic from hyper-
bolic ﬂow corresponds to the null values of DetL and to a unitWn. It
is represented by a planar simple shear, horizontal by simplicity
(Fig. 7a, c). The combination of pure and simple shear results in a
position with a vorticity lower than unit (Fig. 1). The orientation of
the vorticity is horizontal in case of transpression (Fig. 7b, and
vertical in case of transtension (Fig. 7d) (Tikoff and Fossen, 1999).
Conversely, increasing vorticity results in departure from simple
shear (parabolic ﬂow) and jump into an elliptic-type ﬂow (Fig. 1). In
3D, a departure of the vorticity vector from the ﬂow plane changes
the ﬂow pattern (Fig. 7). Hence the vorticity vector during hori-
zontal simple shear is horizontal, perpendicular to the ﬂow vector.
Nevertheless, a vertical simple shear also induces horizontal ﬂow,
but with a vertical vorticity (Fig. 7a). Conversely, horizontal
vorticity aligned with the ﬂow results in a horizontal helical motion
as it occurs when the ﬂow is non steady in the horizontal plane
(Fig. 7e). The case of a vertical vorticity, orthogonal to the horizontal
ﬂow, corresponds to a non homogeneous ﬂow velocity, as expected
in case of a ﬂow of varying thickness (Fig. 7f, g).
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tween eigenvalues magnitude and sign, i.e. between DetL and TrL.
In a ﬁrst approximation, the sum of the eigenvalues may be
considered as few varying, being more or less imposed by the
external stress ﬁeld. Conversely, their respective layout, or DetL,
can vary. It would induce variations in the vorticity value with
respect to unit (the value for simple shear), going toward trans-
pression or spiralling instabilities. But more important than
vorticity amplitude, is its orientation, because any departure from
the ﬂow plane implies triclinic ﬂow and in most cases instability
(Fig. 8).4. Interactions between the mush e melt - gas
During the incremental growth of the magma chamber, the
proportions of the three major physical phases vary continuously,
bearing consequences on the bulk behaviour of the magma
chamber. They manifest at different scales, inducing rheological
instabilities that are observed in the ﬁeld. The most common ob-
servations relate to fabric development, manifested by mineral
alignment (Bouchez,1997). Suchmagmatic alignment is sometimes
transformed into magma banding manifested through mineral
segregation, essentially by differential velocity between mineral
sizes (Bagnold, 1954). In other situations magmatic faulting at local
scale, or “protofault” results of strain localization. Banding and
strain localization pertain to instabilities, the ﬁrst one occurring
under a common strain rate (Fig. 3a, b), and faulting through strain
localization under common stress (Burg and Vigneresse, 2002)
(Fig. 3c, d).
Repeated intrusions interrupt magmatic fabrics continuity,
either at large scale in between facies, or at a smaller scale in
intrusive dykes. New intrusions disrupt the bulk fabrics. They may
be progressively dismembered and assimilated within the pre-
ceding melt, but leaving traces of unassimilated viscous material as
enclaves. Traces of gaseous phase are more subtle to decipher, but
they have recently been evidenced (Clarke et al., 2013). Interactions
between material presenting different crystallinity also manifest
through speciﬁc textures, (e.g. snails, ladder dykes, enclaves, see
below), have long been recognized and described as “local”. They
have generally been assigned to compositional and thermal con-
vection coupled with ﬂow sorting and interstitial melt migration in
a crystal-rich mush. Other instabilities linked with a change in the
ﬂow regime (laminar to turbulent as the extreme cases) induce
structures intermediate between regional and local. In what fol-
lows, observed structures are described according to the underlying
type of instability.Figure 8. When the boundary conditions change, up to induce a vertical movement in
addition to the horizontal shear, the vorticity becomes vertical, inducing a parallel
motion, such a kolks (a). When the horizontal shear continues it leads to structures like
snails and lader dikes. In the extreme case of helical ﬂow, the vorticity becomes par-
allel to the shear motion (b).4.1. Bulk fabric development
The most common texture observed in granites consists in
crystal alignments (Fig. 9). They deﬁne a lineation contained within
a foliation plane, revealing useful kinematic indicators of magmatic
ﬂow (Blumenfeld and Bouchez, 1988; Paterson et al., 1989; Ventura
et al., 1996; Bouchez, 1997).
A fabric is recordedwhile magmawas still ﬂowing, with the ﬁrst
forming crystals (V < 0.4) rotating to be aligned within the ﬂow.
Nevertheless, strain quantiﬁcation is a continual controversy in the
geological community. The fact is that the last strain increment
should obliterate all preceding ones (Paterson et al., 1989). Particle
rotation under shear has been identiﬁed by Jeffery (1922) and
March (1932), and later modelled, numerically (Ildefonse et al.,
1992) and in 2D and 3D analogue experiments (Arbaret et al.,
1996, 2000). Nevertheless, theoretical models have long been
subject of debate, on whether particles were aligning in planes of
ﬂowing magma (March, 1932) or could rotate indeﬁnitely with a
longer duration within the ﬂow plane (Jeffery, 1922). This dispute
links directly to the equivalence of particle orientation and ﬂow
direction. It also lacks taking into account particle interactions in
case of concentrated particles. A generalization of the Jefferymodel,
taking into account particle interactions has been proposed (Folgar
and Tucker, 1984), leading to a modiﬁed Jeffery model (Jezek et al.,
2013). In this modiﬁed Jeffery model, a complementary diffusion
term corrects for particle interactions (Cintra and Tucker,1995). The
particle collisions tend to randomize their orientation withoutFigure 9. Fabric in a granodiorite, close to Mount Givens, Sierra Nevada, California. The
photo shows the three orthogonal planes, in which darker enclaves indicate the trace
of a vertical plane oriented at about 45 within the horizontal plane. The traces are
indicative of the foliation plane (outlined), with a horizontal lineation.
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problem of crystal tiling (Blumenfeld and Bouchez, 1988). The
diffusion term leads to a decrease of fabric intensity. It also sup-
presses the periodicity of rotation introduced in the Jeffery model.
One interest of the modiﬁed Jeffery model (Jezek et al., 2013) is its
application to the anisotropy of magnetic susceptibility (AMS). It
allows subdividing the domain of magmatic fabric formation
(V < 0.4) into four subdomains. In the dilute regime (V w 0.10)
particles rotate cyclically. For semidilute suspensions
(0.1 < V < 0.3), particle interactions attenuate the fabric intensity
and cyclicity. In a simple shear ﬂow, but with high strain, lineation
converges to a constant value close to the shear plane. At higher
concentration, the fabric diverges from the shear direction, leading
to tiling (Blumenfeld and Bouchez, 1988).Figure 11. Protofault within the Mortagne granite, France (Guineberteau et al., 1987).
The fault (about 1 m in scale) is indicated by a disruption of the fabric, shown by the
orientation of the clear K-feldspars (outlined with dashes).4.2. Shear zones
The development of shear zones in a ﬂowing magma depends
on the applied stress, hence applied strain rate, on the stress-strain
relationship of the magma and on the crystallinity of the mush.
The applied stress, conditioning the strain rate may result in
ductile, or even brittle deformation (Fig. 10). In the case of a
granodioritic massif, NE Brazil (Jardim de Sa et al., 1999), one may
observe the simultaneous fracture of the K-feldspar veinlet and
ductile deformation of the quartz-biotitic bearing melt. It means
that deformation occurred at a temperature below the brittle/
ductile transition of feldspar (<700 C) but also above the brittle/
ductile transition for quartz (>500 C). It conﬁrms, joint with the
width, about 4e5 cm of the ductile shear zone, that deformation
occurred at 600e650 C, i.e. during the magmatic stage.
Shear may also locally develop when the magma is only partly
crystallized. It then forms a loose framework (0.50<V< 0.75) that
can sustain compression, but cannot sustain shear or extension.
When the applied stress is too strong, or slightly oblique with the
aggregate alignment of touching crystals, then the loose framework
locally is disrupted and a protofault develops (Fig. 11). In the case of
the Mortagne granite, western France, the granitic body intruded
between adjacent shear zones controlling its emplacement
(Guineberteau et al., 1987). Inside the massif, the bulk fabric is
locally disrupted and local shear zones appear while the massif was
not totally crystallized. The one shown here has about 2m in length
and 10 cm in width (Fig. 11).Figure 10. Close photo with a granodiorite, Brazil. A K-feldspar veinlet (outlined) is
broken by shear (trace of the pencil), whereas biotite and quartz are ductily deformed
in a sinistral sense outlined with dashes. The temperature of deformation is bracketed
by the brittle/ductile transition of the minerals. It suggests a temperature of 600 C,
thus magmatic.When crystallization is nearly complete (V > 0.9) the only
possibility for the mush to reorganize is through dilatant shearing
(Fig. 12). In the case of a trachytic magma (Smith, 2000) the over-
pressure caused by megacryst growth induces adjacent shears
rapidly inﬁlled with residual melt.
Compressional structures are also observed in a crystallizing
magma (Fig. 13). In the peralkaline granite of Serra do Algodao, NE
Brazil, the granitic magma is involved in a large dextral shear andFigure 12. Dilatant shear zone at the edge of a growing crystal. Owing to its high
crystallinity, the mush becomes shear-tickened, that records the stress induced by the
growing crystal (photo courtesy of J.V. Smith).
Figure 13. Pyroxenite vein folded within an alkaline granite in Serra de Algodao,
Northern Brazil. The amplitude of the folds is about 15 cmwith a pseudo wavelength of
5 cm. Such a situation could result from transpression, inducing folding within the
sheared zone (after Venkat-Ramani and Tikoff, 2002).
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a small veinlet of pyroxenite is folded, with wavelength about
5e7 cm and amplitude about 10e15 cm. The axial planes of the
folds are orthogonal to the subhorizontal foliation plane and to the
lineation, i.e. the shear ﬂow of the bulk magma. It could indicate
local folding caused by a local triclinic ﬂow (Venkat-Ramani and
Tikoff, 2002) either because shear and compression compete
(Fig. 7c) or because the vorticity rotates and varies (Fig. 7e or f).
In other situations shearingmay develop at the contact between
two bodies with contrasted rheology. In this case, shear localization
corresponds to a narrow zone of intense shearing (Fig. 14). It de-
velops during deformation of ductile or plastic material. The
instability results from a cusp in the stress-strain curve (Goddard,
2003). The inﬂexion can be trace of shear thinning or strain thick-
ening (Schall and Van Hecke, 2010). Shear bands occur under both
pure (Holyoke and Tullis, 2006) and simple shear (Marques et al.,
2011). The thickness of the shear band tends to zero albeit the
strain inside the shear band tends to inﬁnity (Fig. 14). Theoretical
analyses have proved the development of shear bands as a conse-
quence of inhomogeneities in the deforming material (Dabrowski
et al., 2012). The preferred mechanisms involved in shear locali-
zation are (i) grain-size reduction (Braun et al., 1999); (ii) thermal
effect induced by shear heating (Kaus and Podladchikov, 2006) or
magmatic intrusions (Tommasi et al., 1994); (iii) crystal shape or
orientation (Bystricky et al., 2000; Takeda and Griera, 2006); and
(iv) presence of ﬂuid (Fusseis et al., 2009).Figure 14. Shear localization within a gabbro vein (in black), at a contact zone be-
tween rocks with a contrasted rheology in the Kohistan, Northern Pakistan (photo
courtesy of J.P. Burg).Shear localization occurs in a large variety of material, such as
foam, emulsion, granular material or colloid. All of them are char-
acterized by multiple phases, commonly a mix of strong and weak
mineral phases. Saturated granular material, such as high-
crystallinity mush (Fig. 15) is the perfect example of such mate-
rial (Ehlers and Volk, 1997). Shear bands easily develop in inho-
mogeneous material, leading to dilatant or compactional bands.
Indeed, extension, shear and compaction bands are observed
(Bésuelle, 2001). They result from a competition between a pres-
sure sensitive parameter and dilatancy (Wong et al., 2001). They
correspond to a bifurcation (Rudnicki and Rice, 1975) in the reso-
lution of the strain rate tensor, linked to the nullity of its
determinant.
In case of rigid inclusions, strain localization takes places in two
successive stages (Misra and Mandal, 2007). In a ﬁrst stage plastic
regions develop along four discrete domains disposed along the
principal directions of imposed bulk strain. They act as secondary
sources for further strain localization leading to shear zones.
Conversely, dilatants bands develop in porous rocks saturated in
liquid. The dilation bands form in predominantly opening-mode, at
a sharp angle, if not perpendicular, with the opening direction (du
Bernard et al., 2002). Localized shear bands are thought to be
precursor of failure in brittle material (Daub et al., 2008), but this
not always the case.
4.3. Compositional banding
Banding represents the most common occurrence of mineral
layering observed in felsic magmas (Fig. 16). Mineral layering is
expressed as alternate layers of biotite-bearing and nearly biotite-
free magma. The layering is mostly parallel or conform to the sur-
rounding fabric. Layers are centimetric to evenmetric in scale. They
differ from crystal sorting by size in small conduits such as Bagnold
effect (Barrière, 1976) or in larger scale ﬂow (Barrière, 1981). They
also differ from simple mineral banding of larger size (Pitcher and
Berger, 1972) caused by magma differential ﬂow.
Compositional banding (Fig. 16) is a speciﬁc case of alternate
segregation of minerals (Pons et al., 2006). It corresponds to a
rheological transition that develops under common strain rate
(Fig. 3a or c). In that case the banding develops within the ﬂow
plane, parallel to the ﬂow direction. The transition path can be from
the melt to the matrix, or reverse. However, the common
displacement velocity on a material presenting contrasting vis-
cosity values results in the segregation of fast and slow ﬂowing
particles. It can give the appearance of sedimentary structures
when successive ﬂows present a slight angular difference resultingFigure 15. Spectacular shear zone (outlined) within a highly crystallized magma, the
trace of which is outlined with dashes). The rock panel is used as a decorative wall,
Kyoto Shinkansen JR station, close to the escalator.
Figure 16. Banding (underlined) in the Kitakami granite, northeastern Japan. The
alternate clear and dark layers indicate segregation of felsic and maﬁc minerals under a
common strain rate.
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663648in apparent cross-bedding structures. Alternate mineral sorted
structures develop under successive ﬂow sequences. Those struc-
tures develop either under simple shear by differential ﬂow, or
under simple shear by expulsion of the residual melt and small
sized crystals (biotite) out of a very loose framework of larger
crystals (K-feldspars, plagioclases).
Other types of magma layering, at an even larger scale, are
observed in some plutons, associated with the emplacement of the
bulk granites. In this case, the banding is lithological with evidence
of mineral variations. It develops in case of magmas immiscibility
(Van Tongeren and Mathez, 2012), as it should be the case in
layered ultramaﬁc bodies. In such cases, the origin of instabilities is
chemical, unrelated to ﬂow instabilities (Pons et al., 2006).
4.4. Dikes
Dikes intrusive in a previous magma have been ubiquitously
observed for a long time. Their chilled margin indicate the thermal
contrast between the twomagmas, whether they are felsic or maﬁc
(Fig. 17). In such a case, a chilled margin develops at the contacts
between magmas, usually sharp. The interna fabric of the dyke is
hard to decipher, because the generally small size of the maﬁcFigure 17. Spectacular monument at the entrance of the AIST, Tsukuba, where is
located the Geological Survey of Japan. It shows a maﬁc dike intruding the adjacent
Tsukuba granite. Note the clear-cutting contacts between the two magmas, and the
chilled margins, darker because of the ﬁner grain size.minerals. In some cases, especially within volcanic magmas, gas
exsolves leading to bubbles that are symmetrically oriented toward
the center of the vein, with upward polarity. Larger maﬁc accu-
mulations, commonly gabbroic in composition, are also widely
described, especially in large granitic batholiths related to sub-
duction, such as the Sierra Nevada (Eichelberger, 1980; Frost and
Mahood, 1987; Wiebe and Collins, 1998). The large viscosity and
temperature contrasts between the magmas result in a prompt
dismembering of those intrusions, with gabbroic blocks split apart
(Mahood and Cornejo, 1992).
Dismembering depends on the size of the intrusion (Fig. 18). In
case of very large volume of maﬁc intrusion (f.i. gabbro) in a felsic
magma chamber the enthalpy it carries is sufﬁcient to warm the
surrounding felsic magma. Heating the felsic host may result in
viscosity inversion, the felsic magma becoming more mobile than
the maﬁc. The felsic magma can penetrate and eventually disag-
gregates the maﬁc intrusion. Later, diffusion and dissolution yield
rounded maﬁc blocks. In case of smaller maﬁc intrusions,
dismembering may occur by sequences along the dike length, each
having its own temperature, hence viscosity. Strain partitioning
may result in viscosity variations, resulting in alternate, sinistral or
dextral shear, leading to displacement of the dike pieces in one
sense or the other (Fig. 18). The dyke does not show chilled margin,
or very discrete, presenting a rather diffuse contact with the sur-
rounding magma.
At present, the geometry of dike dismembering is not yet fully
documented and explained. Analogue experiments identify three
types of instability (Hodge et al., 2012a). They consist in ponding,
tension and Rayleigh-Taylor instability. During ponding, the highly
concentrated mixture remains intact and sinks, ponding at the
bottom of the experimental tanks. No deformation or yielding
related to shear is observed. In case of tension, the injection is
dismembered into round blobs, with a characteristic length
depending on the ambient conditions. The characteristic length
scale of breakup directly relates to the yield strength of the injected
magma. The rounded shape occurs after diffusion and partial
assimilation of the maﬁc material. In case of Rayleigh-Taylor in-
stabilities, drips form, driven by gravitation, and are separated by a
characteristic wavelength (Hodge et al., 2012b). Most common
observations relate to tension. It has been argued that measuring
the dimension of the enclaves provides estimates of theFigure 18. Meandering dike within the Kitakami granite, northeastern Japan. A tiny
zone of ﬁner crystals occurs at the margin of the maﬁc magma. However the contact is
not sharp with the felsic magma. Within the maﬁc ﬂo, particles are aligned in the
direction of ﬂow. The contours of the dike become irregular, showing the varying
viscosity contrast between the two magmas. The pencil indicates the bulk lineation.
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and host (Hodge and Jellinek, 2012).
Geometric disposition of enclaves provide information on the
ﬂux conditions. Their equivalent radius and axial ratio follow a
power-law distribution (Perugini et al., 2007) suggesting that
break-up and deformation are scale invariant (Holtz et al., 2004;
Perugini et al., 2011). Nevertheless, the ellipsoidal shape of en-
claves should not be confused with a marker of the deformation
(Paterson et al., 2004). Hence, they formed at different places and
record a different history from place to place. In addition, their
strain history results from a competition between strain and
interfacial tension. Consequently, studies like Rf/f analyses (e.g.
Lisle, 1979) should be considered with extreme caution.Figure 20. Dismembered dike within the Kitakami granite, northeastern Japan. The
dike is now represented by a suite of rounded enclaves, being progressively assimilated
within the felsic magma.4.5. Enclaves
At a smaller scale, dense maﬁc enclaves, or dismembered parts
of small dykes, are transported by the ﬂowing melt. Depending on
the temperature contrast with the surrounding magma, enclaves,
in particular maﬁc ones, respond differently to the shear ﬂow
imposed by the magma (Caricchi et al., 2012). Indeed, three do-
mains have been identiﬁed in which the rheological contrast be-
tween a felsic magma and a maﬁc enclave control their mutual
deformability, certainly enhanced by corrosion activated by
diffusion.
At high temperature, both magmas present a low viscosity, thus
a reduced contrast with a poor amount of crystals (Caricchi et al.,
2012). They consequently deform homogeneously. The host
magma adopts a magmatic fabric under shear ﬂow. Similarly, en-
claves adopt an elliptic shape and present various degree of
assimilationwith the surrounding magma (Barbarin, 1990; Vernon,
1990). They are commonly aligned (Fig. 19) within the magmatic
fabric (Paterson et al., 1989; Zák et al., 2008b).
At much lower temperatures, close to solidus, the viscosity
contrast between enclaves and the host magma is still low, but with
high crystallinity in both objects. The mutual deformability is
restricted, but remains similar between enclaves and host magma
(Fig. 20). Smaller enclaves adopt a rounded shape by diffusion and
assimilation (Caricchi et al., 2012). Conversely, larger bloc may keep
their original shape because of a larger thermal inertia. Often, both
types, rounded and angular enclaves coexist (Fig. 20).
In extreme temperature contrasts, enclaves develop a chilled
margin, avoiding elements exchange with the surrounding, but
assimilating it, producing a felsic border. In such a case, a gas phase
continues exsolution within the enclave, because crystallizationFigure 19. Very regular disposition of the elliptical enclaves in Yosemite granite, Sierra
Nevada, California. The two planes, vertical and horizontal indicate the trace of the
foliation plane (outlined).shrinks the available melt, hence quickly reaching volatiles insol-
ubility. The chilled margins trap the gas bubbles within the residual
melt of the enclave. The trapped bubbles can still move upward by
density in what is now a closed system, limited by the chilled
margins. Bubbles segregate into the upper part of the enclave, thus
providing polarity criteria (Fig. 21).
In between a liquidus- and a solidus-controlled deformability,
the viscosity contrast is large enough to consider enclaves as non-
deformable objects within a much less viscous ﬂowing magma
(Caricchi et al., 2012). No strain-induced deformation occurs in the
maﬁc material. However, the diffusion contrast and variation of
elements partitioning with temperature between the warmed fel-
sic and the cooling maﬁc magma contribute to digest enclaves
(Vigneresse, 2007), altering their shape. The felsic material of the
enclave diffuses into the surrounding felsic magma, leaving only
maﬁc ghosts of the former structures, indicated by the more maﬁc
minerals presenting higher melting temperature (Fig. 22).
The differential response of enclaves to the ambient shear ﬂow
can be used to constrain the time of pluton emplacement (Caricchi
et al., 2012). Hence depending on the position of the enclaves
within a pluton, a different X/Z ratio of the enclave strain ellipsoid isFigure 21. “Ghost” enclaves (encircled) on the way to be entirely assimilated within
the felsic magma, within the Takidani granite, Japan Alps. Just remain a small rim of
more maﬁc minerals.
Figure 22. Maﬁc enclave trapped into the Kitakami granite, northeastern Japan. The
margins of the enclave (outlined) show a chilled margin, in sharp contact with a
contaminated felsic material (at the bottom of the enclave). Conversely, its upper part
shows trapped miarolitic cavities. The asymmetric disposition of the miarolitic cavities
represents a polarity criterion for the former way up of the material indicated by an
open arrow.
Figure 23. Vortex structure, with undeformed rounded enclaves on the left side,
whereas the other side of the vortex indicates highly elongated and deformed maﬁc
material. It represents a nearly vertical descending vortex, like a sink in a tub, differing
from ascending structures such as snails or ladder dikes (Fig. 25). The ﬂow in the
center of the structure is faster than on its rim, as indicated by the degree of defor-
mation of the enclaves. The location of this structure, very close to Fig. 19 illustrates the
difﬁculty of using enclaves to determine a bulk fabric, here in the Yosemite
granodiorite.
Figure 24. Schlieren structures in the Ploumanach massif, northern Brittany, France.
The alternate bands of maﬁc and felsic magma are more or less concentric.
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intrusion size, but these variations mainly relate to the competition
between heat advection (magma reﬁlling) and heat conduction
(magma cooling). A temperature window (750e900 C) results in
which no enclave deformation is observed (Caricchi et al., 2012).
When new magma inputs occur in a magma chamber with this
nearly constant temperature, enclaves should present a regular
variation in their X/Z ratios. Conversely, strong variations in the X/Z
values with the distance to magma injection indicate a variation in
the thermal evolution regime of the magma chamber. Applications
of this method to the Lago della Vacca Complex, Adamello Massif,
Italy, provides an estimate of the magma input rate ranging be-
tween 2 and 6 (104 km3/yr). Assuming a diameter of the magma
chamber of 4.5 km for a thickness of 2 km (John and Blundy, 1993)
results in a strain rate of the order of 1010 s1 for pluton
emplacement. Such a spatial distribution of enclaves in density and
also in their shape has long been described (Pons et al., 2006). For
instance, in the Taourçate massif, Morocco, the pattern recorded by
the enclaves indicates the concentric character of the successive
intrusions and ballooning of the massif.
However, in some places, juxtaposed with nicely oriented
ellipsoidal enclaves within the foliation planes, some other are
observed with a rounded shape, usually in small scale vortex
structures, similar to a sink. They correspond to unassimilated
enclaves sinking by density into the lighter felsic melt (Fernandez
and Gasquet, 1994). The ﬂow may turn to helical, owing to the
low Reynolds number of the few deformable enclaves. The motion
is activated by density, and should not be confused with indication
of local convection, induced by thermal instabilities (Weinberg
et al., 2001; Paterson, 2009). The sinking ﬂow is indicated by the
nearly vertical vortex structure (Fig. 23). The weak wake-induced
torque is essentially driven by the low density contrast between
enclaves and melt and the high viscosity of the melt. In conse-
quence, the enclaves are not deformed as they are not accelerated
in the vortex. The structure presents increasing deformation to-
ward its centre (Fig. 23). There the enclaves are observed as a thin
line of maﬁc minerals. Conversely, outward the structure, the en-
claves still present their rounded shape (Fig. 23). In conclusion, the
use of enclaves for estimating the bulk fabrics should be conducted
with extreme suspicion. For instance, the vortex structure illus-
trating such an instability (Fig. 23) has been observed only a few10 s m off the very regular fabric (Fig. 19) in Yosemite granite, Sierra
Nevada.
Enclave assimilation is generally the case (Fig. 22), yelding
magma assimilation and hybrid magmas (Castro et al., 1991). The
residual denser maﬁc magma sinks to the bottom of the magma
chamber with evidence of sedimentary-like structures (Wiebe and
Collins, 1998).4.6. Schlieren
Some mineral segregations are called schlieren (Gilbert, 1906),
when they consist in accumulations of dark minerals, biotite plus
accessory minerals and ferro-magnesian (Fig. 24). In between two
sequences of maﬁc minerals, leucocratic segregation of quartz and
tiny plagioclases are observed. Apparently the segregation is not
caused by any gravity driven mechanism, leading to a residual light
melt. Nor the accumulation shows any evidence of ﬁlter-pressing or
compaction that would have separated the minerals by density.
There is also no speciﬁc gradation by size of the minerals. The
layering may extend over several meters with alternating bands
separated by some decimetres.
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complete dismembering of enclaves and their extreme laceration in
a felsic ﬂow. The mechanism bears similarity with dilatant strain
localization, except that it consists in the extreme shearing of a
more resistant material. Nevertheless, schlieren are characterized
by their more or less linear structures, suggesting fast maﬁc magma
ﬂow. Schlieren formation bears profound similarity with banding,
i.e. instability developed under a common strain rate (Fig. 3a, b). A
common stress cannot be excluded though there is no ﬁeld evi-
dence of shearing at the contact between the maﬁc and felsic
material (Fig. 24).
4.7. Snails and ladder dikes
Similar to downward vortex ﬂow structures of enclaves, upward
ﬂow, also marked by vortex structures show segregation of maﬁc
components in more or less concentric textures (Fig. 25). Circular
structures, or so-called snails (Weinberg et al., 2001; Paterson,
2009) have been described. They are the trace of large bubble
motion through the mush (Clarke et al., 2013). In this case, the
density contrast between the melt and the bubbles, as well as their
high deformability, implies a large torque, with result of segre-
gating the more maﬁc minerals in layer-like structures. It manifests
by schlieren, indicated by dark mineral segregation, mostly biotite,
produced by differential magma ﬂow. The size of the structures
may indicate some kind of Bagnold effect, i.e. differentiation by size
and density of the solid particles (Bagnold, 1954) although the
process has been highly criticized (Hunt et al., 2002). The repetitive
character of the segregation suggests either successive ﬂows, or
pulses of mush. It does not explain the concentric structure of the
segregation, nor it fails explaining the somehow discontinuousFigure 25. Ladder dike structure in the Tsukuba granite, central Japan. In this case the
structure is highlighted by the felsic minerals in contrary to the ﬁgures in the Halifax
pluton, South Mountain Batholith, Canada, where the black minerals underline the
structures (Clarke et al., 2013). It thus avoids a density segregation at the origin of the
instability. The pannel is exposed at the entrance of the Geological Survey, AIST, Tsu-
kuba, Japan, when S. Ishihara, the head at that time, suggested the piece of rock as a
curiosity and an enigma for scientists.aspect of the banding, i.e. not continuous everywhere in the “tube”
of magma. Chemical analyses performed on such structures (Dietl
et al., 2010) indicate that most maﬁc minerals (hematite,
ilmenite) are in a ratio of 2 between the center and the rim. This is
valid for ferro-magnesian and titanium oxides, but also for ele-
ments usually associated with maﬁc melts such as Ni, Cr, V and Sc.
Nevertheless, the content in SO3, F and Cl is larger at the rim, by
nearly a factor of 3. It could reﬂect apatite segregation at the rim of
those structures. They are stationary, i.e. nonmigrating, or non-
stationary, migrating in space, and probably in time. In this case,
the migration is mostly restricted to a dyke, i.e. with sharp contacts
with the surrounding magma chamber.
In the case of non stationary structures, successive accumula-
tions and segregations of maﬁc minerals, such as biotites and
accessory minerals, or aggregates of K-feldspars, form ladder dikes.
They are mostly constrained in width by less than one meter, with
sharp boundaries with the surrounding non affected magma
(Clarke and Clarke, 1998; Weinberg et al., 2001). Concentric,
eccentric, or cross cutting structures are observed, indicating that
spatial progression depends on the orientation of the ﬂow with
respect to the borders of the structure. Hence, the direction of the
ﬂow, determined either from the succession of patterns (Paterson,
2009), or directly from the ﬂow lines estimated from magnetic
anisotropy (Dietl et al., 2010) indicates vertical or nearly vertical
ascent.
A singular interpretation advocates dikes dismembering during
a tensional regime (Hodge et al., 2012a). It would result values
implying high crystallinity of the dyke material (V about 0.40).
Yield strength would enhance dike dismembering from lateral
stretching. Under this regime, a competition starts between the
stretched injection and the growth of a varicose instability. Periodic
variations in diameter of the injection cause the break of the in-
jection into discrete blobs (Hodge et al., 2012b). Under this con-
ceptual approach, ladder dikes would begin as a vertical plume of
magma ascending within a magma chamber ﬂowing under a ve-
locity gradient. Nevertheless, it only partly explains the vertical
ascent, i.e. along gravity, and the orientation of the dike, perpen-
dicular to gravity. This supposes that the magma chamber ﬂows a
higher rate than magma ascent, which is hardly accepted.
The formation of snails and ladder dikes received renewed
attention with the idea of upwelling, linked with gas (Clarke et al.,
2013). Such an original approach links with bubbles observed in
basaltic lava ﬂows or in trains of bubbling volcanic mud-pit, Wai-O-
Tapu Mud Pool, Taupo, New Zealand. The size of such structures,
usually decimetric, implies that small bubbles coalesced, or inﬂated
because the decrease in pressure. The occurrence of circular
structures, their apparent cyclicity and periodicity, as well as the
regular displacement strongly favour this hypothesis. In addition,
the observations of bubble coalescence into larger gas tubes (Fig. 9),
as suggested by numerical simulations in highly crystalline
(V < 0.85) mush (Huber et al., 2012) support the intervening gas
phase for developing such instabilities.
One speciﬁc observation on those structures relates to their
spatial distribution into a granitic pluton. They are spatially
distributed at the periphery of the body, or at the contact with
previous intrusions. This is evident in Sierra Nevada (see map in
Fig. 2 of Hodge et al., 2012b), in Jizera granite, BohemianMassif (see
Fig. 4 in Zák et al., 2008a), or in SouthMountain Batholith (see Fig. 1
in Clarke et al., 2013). Such a speciﬁc position suggests in-
terferences between the magma ﬂow and its ﬂoor or wall
topography.
An ascending vortex commonly initiates with a change in the
orientation of the vorticity vector, jointly with an increase of the
rotational relative to the divergent component. This situation
commonly occurs in sinks when emptying a bathtub (Yokoyama
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during the change of the vertical dimension in the ﬂow implies
increasing the vorticity, hence vortex formation. This situation is
commonly observed when a ﬂowing liquid encounters a topo-
graphical obstacle (Thompson, 2007). It leads to speciﬁc vortex
formation known as kolks in sedimentology (Harvey, 1980; Best,
2005). Those structures are associated with macroturbulence
(Bennett and Best, 1995).
Small changes in the boundary conditions, f.i. decrease in the
ﬂow thickness, results in constriction leading to ﬂow acceleration
past the constriction (Thompson et al., 1998; Baas et al., 2011). Flow
deceleration occurs when the ﬂow thickness increases, leading to
extension, as in the case of the bathtub (Yokoyama et al., 2012).
Similar sedimentary structures are observed in submarine dunes
(Kostaschuk and Church, 1993; Grigoriadis et al., 2009). Hence, a
continuous ﬂow encountering a submarine dune breaks into a
turbulent zone, manifested by pressure depression, and a vortex
oriented orthogonal to the ﬂow, and progressing toward the surface
(Walker and Hesp, 2013). In a magma, or even in a dense mush, the
particle cohesion is similar to that of sedimentary dunes. Never-
theless, the ﬂuid (melt) in between particles is much more viscous
than in a dune (water), avoiding turbulence to develop. But even in
absence of turbulence (see the section about Reynold number,
Fig. 6a), instability may develop that will affect the direction of the
vorticity (Fig. 8a). The rotation of the vortex, from horizontal to
vertical, is commonly associated to a differential horizontal motion
of the main ﬂow (Fig. 7).4.8. Orbicules
Orbicular textures are observed mainly in granitic rocks,
although they are rarely reported in gabbros and ultramaﬁc rocks
(Levenson, 1966). Orbicules form ovoid to spherical aggregates, the
size of which may vary from microscopic to decimeter (Fig. 26).
Their relative proportion to the matrix varies between 5 and 10
(Grosse et al., 2010). Orbicular facies usually occur as small indi-
vidual bodies some 10 s m in size, within much larger granitoid
stocks. The whole body shows sharp contacts with the surrounding
magma, but remnants of the surrounding may be observed within
the orbicular facies (Fig. 26). Whereas the latter present randomly
distributed crystals, with some preferential orientation, orbicules
consist in spectacular mineral assemblages, concentrically zoned
with radial and tangential growth of elongate crystals (Levenson,Figure 26. Close picture of the orbicular Calaveras granite, northern Chile. The photo
shows the host magma on the extreme upper right, with some part of it trapped within
the orbicular facies.1966). Orbicules show rhythmically distributed rings of biotite
and maﬁc minerals alternating with plagioclase, the contact with
the matrix being sharp. The core commonly consists in a perthitic
K-feldspar partially or totally replaced by plagioclase. However, the
composition of their shells is similar to the adjacent igneous
intrusive, although minerals abundances may be different.
Commonly the plagioclase composition of orbicular rims is
consistent among orbicules, although the plagioclase in the inner
shells is more calcic than that in outer shells (Vernon, 1985). In
some high-K alkaline granites developing Fe-cordierite rich orbi-
cules, the core is a cordierite with a leucogcratic quartz-feldspar
rim (Abdallah et al., 2007). In this case, the cordierite crystallizes
early on biotite-silllimanite restitic minerals with probable origin
from the surrounding rocks (Rapela et al., 2002). More rarely, a
maﬁc magma, such as microdioritic enclaves, can develop orbicules
within a quartz monzodioritic matrix (Sylvester, 2011). In this case,
a felsic orbicule encloses a maﬁc enclave.
The origin of the orbicular facies has long been a puzzling
problem. Magma evolution by internal differentiation and segre-
gation of water-rich magma in pockets or cupolas (Moore and
Lockwood, 1973) can be ruled out on view of the sharp contact
with the surrounding granitic facies (Fig. 27). During the normal
evolution of granitic bodies, equilibrium develops with homoge-
neous nucleation leading to mostly equant crystals. In contrast,
orbicular structures require unusual crystal growth around a solid
core that acted as a nucleation centre (Vernon, 1985). The structure
in concentric shells with a yet formed crystal as a core, associated
with the reverse zoning of plagioclase, indicate disequilibrium
conditions during crystallization (Grosse et al., 2010). Therefore,
orbicule growth implies the cessation of nucleation and destruction
of other nuclei in the silicatemelt (Vernon,1985). Superheating and
undercooling of a water-rich magma delay crystallization (London,
1992). Superheating can result after segregation of a vapour-rich
melt from an adjacent mush. Filter-pressing mechanism resulting
from the external stress can easily segregate the melt, leaving apart
the already formed crystals (K-feldspars and biotites). The accu-
mulation of a large pocket of low crystallinity melt, vapour-rich,
and superheated is rheologically instable, especially within a non-
consolidated adjacent mush. The components with the lowest
viscosity should rapidly escape, resulting in a sudden undercooling
of the system. The undercooling of the melt driven by water pres-
sure loss raises themagma liquidus temperature. Orbicules develop
within what appears as a closed system, after the loss of the vola-
tiles and quenching of the borders. It explains the sharp boundariesFigure 27. Spectacular contact between the orbicular facies and its host magma, in the
Calaveras granite, northern Chile. The sharp contact with a contact fringe illustrates the
intrusion of one magma batch into its host. The scale of the photo indicates the
restricted area of this speciﬁc facies.
Figure 28. Unidirectional Solidiﬁcation Texture (UST) as observed at Tsagaan Chulut
tungsten deposit, granite, Mongolia (photo by D. Kirwin, Ivanhoe Mines Ltd).
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behaviour of the melt that crystallizes on the residual crystals (K-
feldspars or cordierite), acting as nucleation sites.
Such sudden ﬂux of ﬂuid and partly crystallized melt segrega-
tion can be the result of part of the roof falling into the magma
chamber, or its uppermost granitic material (Abdallah et al., 2007).
In the ﬁrst case, the incorporation of a part of the immediate roof
could explain the cordierite cores. In the second case, the upper-
most part of the magma chamber gives place to orbicules with K-
feldspar cores. In both cases, the size of the orbicular facies, some
tens of meters, indicates a limited process, independent of a large
scale evolution of the magma chamber. It also points to local
interaction between a partly solid phase with another less crys-
tallized magma and a large amount of ﬂuids.
4.9. Pegmatites
Pegmatites occur as discordant structures, cross cutting former
structures in granites. Large crystals (>5 cm and up to 1 m) of hy-
drous minerals characterize pegmatites, though the bulk assem-
blage of quartz, feldspars and micas, i.e. close to the thermal
minimum composition in the granite system (London, 2005). In
fact, a large amount of pegmatites consists almost exclusively of
quartz and feldspars, with a noticeable lack of other very speciﬁc
minerals, miarolitic cavities, and hydrothermal alteration enve-
lopes. Volatile and trace elements (Li, Be, B and Sr, Rb, Cs) show
progressive variations, correlated with similar trends in feldspar,
micas and tourmaline. In the host rocks, Li and Be content increases
and Sr content decreases from the granite to the most evolved
pegmatitic zone. In micas and K-feldspars, Rb, Cs, Tl, Nb, Ta and Sn
contents increase whereas Sr, Sc, Ga contents decrease. Nb and Ta
increase speciﬁcally in tourmaline (Roda-Robles et al., 2012).
The occurrence of large crystals suggests very fast growth rate,
enhanced by low nucleation rate and high diffusivity linked with
abundant water partial pressure with high volatile content. Those
conditions of high H2O, F, Li, B, Be content lead to formation of giant
minerals such as ﬂuorite, spodumene, tourmaline and beryl.
Experimental undercooling has been realized with aim to investi-
gate crystal nucleation in volatiles-rich (Li, Be, B) melts (London,
1992). Undercooling by 100 C below the liquidus is sufﬁcient for
delaying nucleation and promoting large crystal growth. The
removal of one of these volatiles can initiate a rapid crystallization,
for instance ﬂuorite or tourmaline. This could be induced by local
heat sinks (Van Lichtervelde et al., 2006), leading to variations in
the solubility of HFSE elements (Nb; Ta, Zr, Hf, Sn), hence concen-
tration in such elements.
The high volatile content is especially marked in melt inclusions
trapped at the magmatic stage. Melt inclusions in granites of the
Erzgebirge, Fichtelgebirge and from the Oberpfalz, all in Germany
and of Variscan age provide an average value for water concen-
tration of H2Oeq ¼ 5.9  1.2% (Thomas and Davidson, 2012). This
average value decomposes into three peaks at 4.0, 5.9 and 8.1%, but
values remain <10%. It corroborates with nearly half a million an-
alyses on melt inclusions (Naumov et al., 2010) resulting in an
average of H2Oeq ¼ 2.3%, but with the error upper bound of þ3s
value for H2Oeq ¼ 10.0  1.4%. Conversely similar measurements
performed on pegmatites result in two sub-groups with means at
10.5  8.1 and 26.2  14.3% (Thomas and Davidson, 2012). Such a
difference in H2Oeq equivalent bears consequences for the physical
properties of pegmatites.
Mineral compositions coupled with thermal modelling indicate
that crystallization within pegmatites starts at about 450 C. This
temperature is about 200e250 C below the expected start of
crystallization (i.e. the liquidus temperature) of the system
(London, 2009). Undercooling conditions and high water contentboth delay nucleation, enhancing large crystal formation (London,
2009).
The high water content also alters melt viscosity. Under ﬁxed
pressure and temperature conditions for a granitic melt, the com-
ponents that reduce the viscosity are in the order H2O > F > B > P
(London, 2005). The incorporation of water results in a strong
depolymerization of the silicate melts, about 3 orders of magnitude
for 5% H2O (Audétat and Keppler, 2004). Indeed, one H2O will lead
to the formation of two hydroxyl groups being equivalent to two
non-bridging oxygens (NBO). Adding P and B do signiﬁcantly alter
viscosity in water-rich systems. Conversely F mainly forms com-
plexes like AlF63 and AlF52 at low water contents (Bartels et al.,
2013). The depolymerizing effect is much lower when compared
to H2O. Li has a tendency to move the composition towards alkali,
which present lower viscosity (Bartels et al., 2011). As a result, the
viscosity of pegmatitic melts is reduced by 4e5 orders of magni-
tude, resulting in values between 5 and 10 Pa$s (Bartels et al., 2013).
Such low values for the viscosity, shifted by about 4e5 orders of
magnitude, coupled with the reduction in density, from 2400 to
about 2100 kg/m3 has consequences on the Reynolds numbers,
shifting its value to higher than unity. The Stefan number is also
affected by the cooler value of pegmatites crystallization (Fig. 6a).4.10. Unidirectional solidiﬁcation textures (UST)
During crystallization, and under the inﬂuence of ﬂuids, uni-
directional solidiﬁcation textures (UST) develop (Shannon et al.,
1982). They are indicative of preferential mineral growth in one
direction from a solid substrate, formerly designated as comb-like
crystals (Fig. 28). Commonly, they show quartz and feldspar pre-
cipitation, indicating fast diffusive elements. Minor ﬂuorite, sul-
ﬁde, and REE oxides are also observed. UST show rhythmic
textures either parallel or contorted reﬂecting periods of ﬂuctu-
ating volatile overpressure. Plagioclases and alkali-feldspars are
commonly zoned (Hönig et al., 2010). Small degassing felsic in-
trusions could be the source of the ﬂuids. Their origin could be a
relatively small degassing felsic intrusion. The crystallization se-
quences, producing the apparent layering, indicate nearly contin-
uous inward crystallization ranging from a few centimetres to
more than 10 s of meters in thickness (Carten et al., 1988). UST
develop as crenulate layers with euhedral morphology, dentritic or
branching crystals (plumose feldspars) or intergrowth quartz and
alkali-feldspars layers. UST are commonly associated with late
dykes and aplites, rich in volatiles (Breiter, 2002). Common in Mo-
or Sn-bearing porphyry deposits, their composition does not
signiﬁcantly differ from the bulk composition of the main magma
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assumed to be linked with undercooling responsible of the het-
erogeneous nucleation and oscillatory crystal growth (Webber
et al., 1997). Experimental undercooling (London, 1992) indicates
that 100 C below the liquidus is sufﬁcient for delaying nucleation
and promoting UST. Those are enhanced when the granitic melts
are moderately enriched in volatiles (B, Be or Li), as observed in
pegmatites (London, 2009). Crystal zoning and alternate repetition
of mineral layers (Hönig et al., 2010) could be explained by
oscillatory crystallization close to eutectic composition where
element saturation repeatedly occurs (Bogoch et al., 1997;
Balashov et al., 2000).
4.11. Miarolitic cavities
Miarolitic cavities are the ultimate magmatic textures indicating
mush-ﬂuids interactions. They exhibit all characters of the last ﬂuid
phases, and are associated with Sn, W, Mo, Ag as metals and
commonly with Li, Be and B as volatiles (Candela and Blevin, 1995).
Cavities, up to metric in size, can be interconnected or not within
the apical part of coarse-grained and equigranular granites. Their
texture appears better developed at low pressures, around
180e250 MPa. Their composition is typically more felsic that the
surrounding magma. Quartz and plagioclase are the major min-
erals, with a smaller amount of K-feldspars. Volatile-rich minerals
such as beryl, tourmaline, topaz and ﬂuorite are also present.
Nevertheless, the bulk composition is similar to the surrounding
magma with ambient conditions close to 700 C and 200 MPa
(London et al., 2012). Nevertheless, according to the low pressure,
the ﬂuids may not be under supercritical regime, and consequently
they separate into an aqueous and a brine phase (Heinrich et al.,
2004). This adds to the possibility of having the original critical
ﬂuid. Recording those different types in ﬂuid inclusions results
explains their heterogeneous variety (Kamenetsky et al., 2002).
The instability results from the trapping of the gaseous phase
into the crystallizing magma. The ﬂuid phase has no more possi-
bility to integrate individual crystals and remains as an insulated
phase. In such a case, the instability results from a competition
between cooling and gas escape. It corresponds to a chemical
instability, the volatiles being unable to integrate a solid phase. In
case of rapidly trapped enclaves, a chilled margin insulates the gas
phase, leading to miarolitic cavities, and provides upward polarity
criteria (Fig. 22).
5. Discussion
The above rapid review of fabrics in felsic rocks suggests several
points of discussion concerning the internal mechanisms occurring
in a magma chamber, recorded by non homogeneous ﬂow patterns.
Instabilities are observed that are induced by, at least, two major
mechanisms. One is caused by nonlinear changes in the bulk
rheology of the melt-crystals-gas system. They induce two major
effects, material banding and strain localization (Fig. 3). The other
cause of instabilities is a change in the ﬂow pattern (Fig. 1). The
change in vorticity orientation or the geometrical variations of the
system are concomitant with the change in the eigenvalues,
resulting in departure from the bulk shear, i.e. hyperbolic ﬂow to-
ward elliptic ﬂows. Such variations aremosty local and do not affect
the bulk ﬂow.
5.1. Bulk ﬂow
Structures in felsic intrusions are now widely recognized as
resulting from the last strain increment during magma emplace-
ment (Paterson et al., 1989; Bouchez, 1997). Mineral alignment,determining foliation planes, is commonly observed when large
minerals (K-feldspar, plagioclase, amphibole) make the observation
easier. The observation of lineation is more difﬁcult in equant and
ﬁne-grained magmas. Field observation should give place to labo-
ratory techniques.
When examining structural studies in igneous intrusions, the
published maps mostly describe the orientations of the structural
ﬁgures. Maps of foliation planes, with their intrinsic lineations have
brought new insights of internal magmatic structures (Bouchez,
1997). Such data have been coupled with gravity inferred depths
(Vigneresse and Bouchez, 1997) or chemistry surveying (Hecht and
Vigneresse, 1999; Tartèse et al., 2011), informing about magma
feeders and evolution. Other quantitative informations obtained
from AMS have poorly been exploited. Magnetic intensity (T) and
shape factor (P) are more rarely mapped (Cruden et al., 1999; Pons
et al., 2006). Their signiﬁcance remains mostly qualitative,
observing a tendency for high P (>1.0) values to be associated with
oblate fabrics. The most preferred interpretation describes the fo-
liations and lineations and estimates a sense of ﬂow, keeping in
mind that the ﬂow is monoclinic.
5.2. Vorticity variations
An interesting point for discussions to start from is the ﬁgure of
possible 2D ﬂows (Fig. 1), for simplicity compared to 3D ﬂows
assuming a vertical component of extrusion/intrusion. It represent
a mapping of the ﬂow types, with coordinates the dilatancy num-
ber (An) and vorticity number (Wn). Plotting those numbers into an
intrusion is another way to look at the mechanisms of magma
emplacement. An intrusion is a growing body, thus it should have
some positive An, but it is also cooling, shrinking its volume by a
maximum of 4% (Rushmer, 2001). Therefore one can admit a value
for An close to unity and not varying so much throughout the
pluton. Wn can be constrained assuming the bulk fabric is close to
simple shear. This is partly veriﬁed since the T parameter deduced
from AMS is usually <0.5 in absolute value and the P parameter
remains weak (P rarely > 2.0). Consequently the bulk fabric within
an intrusion should be almost constant, equivalent to a simple
shear ﬂow, planar and principally constrictional.
Departures from a bulk ﬂow also depend on the local conditions
ruling homogeneities of the ﬂow. It has importance when consid-
ering the ﬂow in restricted conduits, such as in veins or dikes. Hence
AMS studies in dikes demonstrate that themaximumeigenvector k1
is aligned with other ﬂow indicators, such as elongated vesicles
(Knight andWalker,1988; Vargas et al., 1998; Aïfa and Lefort, 2001).
However, the orientation of the ﬂow direction varies laterally being
aligned with the main ﬂow in the center of the dike, but symmet-
rically oblique when approaching the dike walls (Aïfa and Lefort,
2001; Poland et al., 2004). Such variations observed in the fabric
are more pronounced in low susceptibility minerals or in single
domain small grain minerals (Rochette et al., 1999).
Nevertheless, the assumption of a homogeneous fabric does not
take into account the boundary regions, where the walls or the
proximity of an adjacent mineral facies may alter the T parameter.
The systematic observations of local textures, showing evidence of
vorticity rotation and some assumptions of vertical ﬂow, down-
ward (enclaves vortex) or upward (snails) demonstrate departure
to the bulk shape and intensity parameters. In such a case, An
variations are not large enough to perturb the bulk ﬂow, so An can
be restricted between 0.5 and þ0.5, with vorticity still close to 1.0
according to the ﬂow mapping (Fig. 1). The competition between
the bulk An andWn, and the local values, linked with some delay in
time between the pulses that produces the successive schlieren
episodes could explain the displacing snails, i.e. the ladder dikes
textures.
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Commonly fabric develops duringmagma emplacement under a
laminar ﬂow. It assumes that there is no volume change (An ¼ 0)
and that vorticity (Wn ¼ 1) is orthogonal to the ﬂow plane and the
ﬂow direction. The strain is registered by the ﬂow, and should be
quantiﬁed through AMS techniques. Nevertheless, strain rate esti-
mates from AMS studies are insigniﬁcant because of the cyclic
particle rotations. Experimental studies on lava ﬂow also failed to
link AMS parameters to strain rate (Cañón-Tapia and Pinkerton,
2000). The last strain increment obliterates all preceding orienta-
tion of particles and high strain rates do not result in higher degrees
of anisotropy. In consequence, other techniques must be used
simultaneously to infer the strain rate. Fractal analysis of grain
boundaries has been correlated with decreasing temperature and
increasing strain rate (Kruhl and Nega,1996; Takahashi et al., 1998).
The fractal dimension (Dr) of the perimeter, a non integer number
between 1 and 2, shows that it correlates with the logarithm of the
strain rate and inversely with temperature (Takahashi et al., 1998).
The fractal method has been applied to granites (Mamtani and
Greiling, 2010), using the fractal dimension of the area (Da) and of
the perimeter (Dr) of grain boundary sutures of quartz grains. The
former is a gauge for temperature (Kruhl and Nega, 1996) while the
later is a gauge for strain rate. Using other microstructures (quartz
chessboard, feldspar re-crystallization, twinning in feldspars) allow
bracketing the temperature.
Strain rate values can be estimated from fractal analysis of
diameter (Dr) and area (Da) in a naturally deformed granite. It
ranges 107.0 to 109.8 s1 (Mamtani, 2010). Using the same tech-
nique, but using 225 magnetite grains in the Godhra granite, in the
Aravalli Mountain Belt, Northern India (Mamtani, 2012), results in
strain rates a little slower, being inferred between 1010 and
1014 s1. Such values correspond to the assumed strain rate for
natural tectonic deformation (Passchier and Trouw, 2005). It also
ﬁts within the large scale strain rate estimated for granite
emplacement that are a little faster, with values between 1010 to
1012 s1 (Vigneresse, 2004). The faster value corresponds to
instability development (Fig. 5).
5.4. Local structures
Local structures, mostly regarded as curiosities, are now
considered as individual objects (Weinberg et al., 2001; Barbey
et al., 2008; Barbey, 2009; Paterson et al., 2009; Dietl et al., 2010;
Clarke et al., 2013). Nevertheless, such structures are not so
currently described in the literature. In contrast, examples from the
Sierra Nevada, California; South Mountain Batholith, Nova Scotia;
Tavares, Nordeste, Brazil; Budduso, Sardinia; or Fürstensteinmassif,
Bohemia, indicate that such structures are found in granodiorite,
high K-calcalkaline, monzogranitic or dioritic magmas. They are not
restricted to any speciﬁc type of magma. They all show complex
interactions between melts of different composition, i.e. different
physical properties or chemical afﬁnities. Such structures are less
observed in leucogranitic intrusions, suggesting that rejuvenation
within the magma chamber by a much hotter magma is a key
parameter for their development.
A question also arises about the description of these structures.
Are they not speciﬁcally described because they cannot be observed
or because they were ignored. This is speciﬁcally the case of ﬁeld
observations during which people generally see what they wanted
to look at, ignoring the anomalous features. A good example is
given in the book of Bouchez (1997) about anisotropy in granites.
He and his group realized sampling on a 10  10 grid with spacing
about 10 m, and within that grid, a more detailed 7  7 sampling
1 m apart and measured the AMS (Olivier et al., 1997). Samplingwas repeated in three granitic massifs. The conclusion of this very
detailed study is that granite is never isotropic, which makes sense.
The orientations are within a departure of 0e20 from the values
obtained for the long axis k1. Only about 4% of the orientations
present a larger departure (Olivier et al., 1997). Nevertheless, it
would have been interesting to address the cause of those local
anomalies of orientation. Down to which level do heterogeneities
create a local pattern, and to what level the T and P parameters
exactly describe the deformation? In other words, such detailed
studies could give insight to the precision, in both length and
amplitude of the measurements.
5.5. Fluid phase effects
Is there a link between structural and chemical homogeneities
in a magma chamber? The exsolved ﬂuid phase (Candela, 1989) is
includedwithin the chemical aspects. Volatiles represent about 5 to
a maximum of 10% of the magma. The composition is dominated by
water, with CO2 about a tenth of thewater content (Burnham,1997;
Wallace, 2005). Halogens (F, Cl) and sulphur (S) under various
species are also present. Light volatile elements (Li, Be, B) are also
part of the volatile phase, as some other cations (Na, K, and metals).
This magma component is obviously compressible, so the bulk
volume of the magma is less affected by the volatile loss. Never-
theless, the gaseous phase is not considered in any structural study,
nor it is taken into account in the An computation. One can argue
that its importance is negligible in magmas. Conversely, in defor-
mation related to metamorphism, a large volume of water
(mostly > 10%) is expulsed. Though it can be under gaseous con-
ditions during high temperature metamorphism, the total volume,
as water i.e. incompressible, is also neglected during deformation.
The role of the ﬂuid phase in magmas becomes important when
the mush reaches high crystallinity (see Section 3.6). The tortuosity
of the mush limits melt and gas escape, and the tiny bubbles
nucleating from the magma grow in size. At the critical gas satu-
ration (CGS), about 20% in volume, bubbles aggregate and form
tubes (Parmigiani et al., 2011). Owing to their size and light density,
these bubbles easily ﬁnd their path through the mush, eventually
resulting in snails and ladder dikes structures (Clarke et al., 2013).
In a similar way, the maﬁc enclaves induce downgoing structures
because of their heavier density compared to the magma and
lighter felsic melt may result in upward polarity criteria (Burg and
Vanderhaeghe, 1993). Such density effects are rarely taken into
account in deformation ﬂow. The onset of Rayleigh-Taylor insta-
bility (Hodge et al., 2012b) certainly induces similar local in-
stabilities in the bulk ﬂow pattern of a ﬂowing magma.
5.6. Problems of boundary conditions
The existence of a bulk simple shear ﬂow throughout a granitic
massif is obviously a simpliﬁcation. It does not take into account the
boundary conditions that severely alter the ﬂow conditions. Those
boundary conditions are either controlled by the spatial extent of
the ﬂow, such as the case of restricted dikes (see Section 5.1), the
geometry of the magma walls, inducing vorticity variations, or in
time, depending on the rate of magma inputs.
A pluton grows from successive intrusions, each having its rate
of cooling and crystallization. In consequence, the competition
between intrusion rate, i.e. between evolving magmas, and cooling
may result in apparent mineralogical zoning of the whole massif.
Such an argument has been suggested to explain normal and
reverse zoning (Hecht and Vigneresse, 1999). A fast intrusion rate
does not leave time to the initial magma to reach high crystallinity.
The easiest place for the next magma intrusion is directly above the
root zone, pushing aside the former magma. It results in normal
Figure 29. Map of the Ricany pluton, Czech Republic (redrawn from Trubac et al.,
2009). Black dots indicate sample points with a T parameter positive, whereas nega-
tive T values are indicated by an open dot. The grey value of the arrows indicates the
plunge of the lineations, <10 or >60 . The three facies with a strong (RGsp) or weak
(RGwp) porphyritic facies are indicated by different grey scale. The zonation is reversed,
and no age differentiation could be done between facies. The concentric structures
illustrate a helical ascent of the magma.
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structures may be continuous from one facies to another. However,
reverse zoning may also develop, with the most evolved facies at
the rim, provided its emplacement has been boosted by the pres-
sure of the volatile phase (Janousek et al., 1997). The viscosity of
each independent facies is commonly very similar. In addition, the
age difference between each facies is generally within the error bar
and it cannot discriminate the rate of intrusions. Conversely, when
the intrusion rate is slow, the initial magma has time to solidify, or
to reach high enough crystallinity (V>0.9). The next magma batch
can hardly fracture the former quasi solid one, and intrudes on its
side. An inverse petrographic zoning results, indicated by cross-
cutting fabrics (Hecht and Vigneresse, 1999).
Mapping the type of ﬂow, i.e. variations in An and Wn, appears
as important than the actual mapping of structural informations,
i.e. lineations and foliations. In particular, mapping the mush-gas
interactions bears important consequences for metal transport
and concentration. Indeed, metals are suspected to have afﬁnities
with the gas phase in which they concentrate (Vigneresse et al.,
2014).
5.7. Small scale vorticity problems
A simple shear ﬂow, planar and homogeneous, supposes a ﬂow
along nearly constant dimensions, so that the vorticity remains in
the ﬂow plane (Fig. 7a, b). In case of ﬂow thickness variation, the
ﬂow velocity is no more constant (Fernàndez and Diaz-Azpiroz,
2010), and vorticity develops perpendicular to the ﬂow plane
(Fig. 7eeg). Identically, when the ﬂow channel changes in width,
vorticity varies (Koyi et al., 2013). The change from monoclinic to
triclinic ﬂow is an important cause of instabilities. The differential
ﬂow velocity may induce banding, or crystal segregation by size
and density (Fig. 3), which are the simplest reactions to ﬂow. It can
also induce more important vortex, leading to spiralling ﬂow pat-
terns (Fig. 1).
The change in the ﬂow regime from monoclinic to triclinic is
important when considering transpression or transtension, leading
to folding in the last case (Venkat-Ramani and Tikoff, 2002; Fossen
et al., 2013). The obliquity between shear motion and the boundary
of the shear plane, or divergence, determines the orientation of the
induced folds. In such a case the vorticity number Wn increases
with the decreasing angle of divergence as well as its orientation
rotates by about 90 (Fossen et al., 2013). However the orientation
of the fold hinges in that case is non linear with the vorticity
number. Analogue deformation models conﬁrm the development
and non linear evolution of folding (Tikoff and Peterson, 1998;
Venkat-Ramani and Tikoff, 2002).
The case of an irregular boundary for the ﬂow s presently under
estimated during magma emplacement (de Saint Blanquat et al.,
1998), though it has been documented for shear zones (Jessup
et al., 2006; Kuiper et al., 2007) and extrusion (Exner and
Dabrowski, 2010; Fernàndez et al., 2013; Koyi et al., 2013).
Folding is a consequence of the triclinicity, with the obvious
development of sheath folds (Cobbold and Quinquis, 1980; Kuiper
et al., 2007). The shortening caused by inclined transpression
during shear is similar to magma extrusion manifests by strain
heterogeneities, resulting in irregular folding (Jones et al., 2004).
Hence, when the shortening direction is oblique to the principal
coordinate planes of the system, the vorticity vector for ﬁnite strain
changes progressively, remaining non-parallel to the three prin-
cipal ISA (Jones and Holdsworth, 1998). The continuous rotation of
the vorticity vector can even result in shear motionwith no relative
motion between adjacent bodies with a different viscosity contrast
(Koyi et al., 2013). Thus is speciﬁcally the case of magmas in conduit
of variable shape, or magma ﬂowing around a yet solidiﬁed body.5.8. Changing the scale
Field observations of structures related to crystal-melt-gas in-
teractions mostly describe local features, the scale of which is of the
order of ametre. Are the structures locally observed transposable to
the scale of a pluton? Or do some speciﬁc intrusions bear patterns
similar to those observed locally? These questions open discussions
on two speciﬁc cases, the Rícany pluton, Czech Republic and the
Dolbel Bathothith, southwestern Niger. The ﬁrst case corresponds
to a helical ascent of the magma and the second could be similar to
a ladder dike.
The Rícany pluton, Czech Republic, constitutes the northern-
most part of the Central Bohemian Pluton, one of largest
(3200 km2) Hercynian granitoid complexes (Holub et al., 1997)
close to Prague (Fig. 29). This shallow-level intrusion, dated at 336
Ma, presents a roughly elliptical shape about 80 km2 (Janousek
et al., 1997). It presents the characteristic of a classical biotitic
granite. The observed minerals are K-feldspar (35%, plagioclase
(30%), quartz (30%) and a variable amount of micas (5% biotite with
2% muscovite). A reverse zonation is indicated by a leucogranite
core (JG), surrounded by a weak porphyritic (RGwp) and a strong
porphyritic facies (RGsp) rim (Fig. 29). Hence, the Sr content is
nearly doubled from the core to the rim of the massif, correlatively
with SiO2 and slight Rb increase. The bulk emplacement would be
the rapid succession pulses of magma originating from a deep level
magma chamber with fractionation imposing a vertical gradient of
composition (Janousek et al., 1997).
A speciﬁc feature of this massif is the concentric pattern of
lineations, deduced from AMS (Trubac et al., 2010). Magnetism is
essentially carried by paramagnetic minerals, though a ferro-
magnetic component has been detected (Trubac et al., 2009).
Moderately to steeply dipping foliations are parallel to the pluton
margin and their poles concentrate along the periphery of a
stereonet. Magnetic lineations are nearly horizontal (0e20)
close to the margins, and steepens (up to 60e70) in the center of
the massif (Fig. 29). The lineation map shows a concentric fabric
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range of the P parameter (degree of anisotropy P < 0.25) whereas
the shape parameter (T) is nearly equally distributed between
oblate and prolate ellipsoids. However, the weak porphyritic
facies at the center shows a more pronounced distribution of
oblate shapes. The interpretation of the magnetic structures
suggests a right-handed helical ﬂow (Trubac et al., 2009). Argu-
ments include a decreasing content of phenocrysts from the
margin to the center, inducing a decrease of the effective vis-
cosity and increase of the pressure ﬂow toward the center
(Trubac et al., 2009).
A similar interpretation of helical ascent of the magma had yet
been suggested for the granitic Bação Complex within the Quad-
rilatero Ferro, southeastern Brazil (Hippertt, 1994). Foliation and
lineation patterns depict an internal ﬂow structure with helicoidal
geometry. However it should be noted that this preliminary inter-
pretation has been questioned (Chemale et al., 1996; Hippertt,
1996) though the coments were almost devoted to regional geol-
ogy. Less disputed model relates to the zoned Kondyor ultramaﬁc
complex, in Russian Far-East (Burg et al., 2009). Owing to its
different origin, because of the ultramaﬁc material, the helical
ascent is indicated by the concentric arrangement of a dunite core
and pyroxenite rim, also shown by the decrease in the Mg number
in the dunites (Burg et al., 2009). A numerical simulation supports
the helical ascent. Could the vortexmodel of snails be transposed in
some speciﬁc conditions with a large gas phase to individual
plutons?
The second speciﬁc case relates to the Dolbel batholith, South
Niger (Pons et al., 1995). The Dolbel batholith, South Niger, is
composed of 14 small roughly circular (1.5e3 km in diameter) alkali
granitic plutons (Fig. 30), dated 2137e2101 Ma (Liégeois et al.,
1991). They trend in a zone oriented NWeSE, about 12 km long
and 4 km. The plutons show an emplacement polarity toward theFigure 30. Dolbel batholith in central Niger (redrawn from Pupier et al., 2008). A suite
of 14 individual intrusions have been mapped (g1 to g14), with their internal structures,
shown by arrows. They indicate concentric structures. The surrounding schistosity
planes indicate the interaction between plutons growth and the regional deformation
(Pons et al., 1995). The bulk structure is similar, though of much larger scale, to ladder
dike structure, illustrating the interaction between the regional deformation and the
small size and thickness of the individual plutons.North, i.e. perpendicular to the regional shortening (Pons et al.,
1995). The intrusions start from the South, deforming the host
rocks. Indeed the schistosity trajectories mould around the plutons,
becoming subparallel to the planar fabric of the plutons when
approaching the contact. These trajectories present a slight obliq-
uity with respect to the contact and are in continuity with the
magmatic foliation of the plutons, indicating simultaneous devel-
opment. The orientation of the pluton and their growth deﬁne a
constrictional deformation conform to the north-south shortening
of the region (Pons et al., 1995). The nearly circular and concentric
internal foliation planes and senses of shear indicate a dominant
counterclockwise (CCW) rotational ﬂow during pluton emplace-
ment. Their emplacement mimics, at a larger scale, the ladder dike
structures. The rock types show albitic plagioclase with a low
anorthositic core (An < 11), K-feldspar, quartz, amphibole, clino-
pyroxene and accessory minerals such as apatite, magnetite and
titanite (Pupier et al., 2008). The fabric is sub-vertical, parallel to the
igneous layering and conforms to the contact with the surrounding
schists. Close to the contact a zone of high strain may exceed 10 m
in thickness.
The 14 circular alkali granitic plutons are small (1.5e3 km in
diameter) and show a progressive younger age northward (Fig. 30).
The total time span of intrusions extends over 36 Ma, resulting in a
delay of about 3 Ma between intrusions. The average displacement
is 12 km resulting in an apparent velocity of 0.33 mm/yr, acceptable
motion for a continental plate. Again it poses the question of
transposition to pluton emplacement.
5.9. Evolution of instabilities
The evolution of such ﬂow textures in time and in space has not
yet been examined. The evolution in time is the most difﬁcult one
to apprehend, because the recorded textures are snapshots at some
episode of magma ﬂow. Only the last strain increment is recorded,
which presently excludes most time-related information in
magmas. The evolution in space of those structures is also
underestimated.
The differences identiﬁed in the instability types result from the
rheology or the ﬂow type are analogous to the conditions observed
in trafﬁc ﬂow (Helbing, 2001; Nagatani, 2002). A laminar velocity
ﬁeld corresponds to trafﬁc in lanes on a highway. In normal, i.e.
homogeneous ﬂow, all vehicles in lanes have the same velocity. In
case of rheology dependent instability, the trajectory of a speciﬁc
particle involved in this rheology therefore accelerates or de-
celerates compared to the bulk ﬂow. This is very similar to vehicles
on parallel lanes. Because the vehicle is not alone on its lane, ac-
celeration is limited by the position of the preceding vehicle. It
imposes slowing down. This is the case of shear thickening. Jam-
ming may occur when the preceding vehicles stop (Nagel and
Paczuski, 1995). In congested trafﬁc, three phases have been iden-
tiﬁed (Kerner and Klenov, 2009) such as free ﬂow (F), synchronized
ﬂow (S) and jam (J). The transition from one phase to another can
be described in diagrams of ﬂow rate versus the density of particles
(Kerner, 2012). By analogy, a low density of heterogeneities in a
magma results in particles alignment with minor and rare pertur-
bations to lineation. They all lie in the same foliation plane.
Conversely, the increasing density of heterogeneities induces in-
stabilities similar to the massive congestion in dense trafﬁc. In case
of accelerating or slowing caused by an enhanced, or damaged, road
pavement (shear thinning or thickening), the bulk ﬂow is not
altered signiﬁcantly. This situation occurs speciﬁcally at the contact
of the ﬂow with the walls, changing the orientation of the foliation
planes and switching oblate to prolate structures.
Conversely, assuming a situation in which the trafﬁc is homo-
geneous, but slowed by trucks, the cars will try to change lane for
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laminar ﬂow. It corresponds to a phase transformation in the style
of ﬂow.
Changing conditions separate low-density lamellar ﬂow from
high-density jammed behaviour when the trafﬁc is stopped.
However, the consequences of trafﬁc jams present three types of
response. Jams propagate backward because the trafﬁc is locally
perturbed by external conditions an obstacle. It results in local
compression, may be local folding at some distance ahead of the
obstacle. When the perturbation occurs at a site where the velocity
ﬁeld is accelerated such as dilatational shear bands, the perturba-
tion propagates forward, inducing constriction some distance
ahead. At last, the obstacle may evolve, as an unfavourably oriented
clast that will rotate during shearing until its slip systems become
congruent with the shear ﬂow. Then the perturbation disappears,
freeing the jamming.
In a similar way, the progression of ladder dike structures is
obvious on the ﬁeld. Polarity and advance of those imbricated ring
structures are evident from ﬁeld relations. The reasons of such
advance are less clear. Structures bear analogy with so called Ha-
waiian earrings, a topological group of circles that all have a com-
mon touching point, but have radius in progression of 1/n (Cannon
and Conner, 2000; Eda, 2002). Those are part of Diophantine ge-
ometry that considers curves described by equations, of which the
variables take integer values only (Sela, 2006). Such a geometric
description, with or without the constraint of having integer values,
suggests a geometric pattern of circular curves pinned at one point
and having evolving radius. They correspond to concentric struc-
tures, circular or elliptic, described in the general pattern of
streamlines (Fig. 1), but with the supplementary constraint of a
pinning point. It would explain the snail structures (Section 4.7). In
case of a loose pinning, or displacing pinning point with the
ambient bulk simple shear, it would explain the ladder dike
structures. This situation is speciﬁc to gas bubbles travelling
through a shear thinning ﬂuid (Velez-Cordero et al., 2011). In
addition, tumbling of the bubbles is enhanced with the increasing
Reynolds number (Fig. 6).
6. Conclusions
The present paper reviews and summarizes structures devel-
oping in a growing pluton during the interactions between the
three magma components: melt crystal and gas. Tools have been
reviewed that allow description of these structures at all scales,
from bulk to microstructures. They are quantiﬁed, allowing a
classiﬁcation and identiﬁcation of their stability. By evidence all of
them have different rheological conditions, thus presenting con-
trasted responses to a ﬂowing magma. The bulk ﬂow is a laminar
shear, usually monoclinic with horizontal vorticity. Interactions
between crystals forming a solid suspension and the viscous melt
induce particle alignment, thus a fabric. Disruption to this bulk
ﬂow occurs when new magma intrudes through dikes that are
progressively dismembered, leading to enclaves, also slowly
assimilated to the melt. The continual switch from the different
rheologies may develop under constant stress or strain rate,
inducing contrasted responses and structures with the most
common instability being banding. The exsolution of a gaseous
phase from the melt leads to bubble formation, nucleating,
growing and moving through a mush that becomes progressively
more crystalline, thus reducing mobility. Again, the most obvious
observations are miarolitic cavities. In between numerous in-
stabilities result from either intearcions between phases with
contrasted rheological properties, or because of changes in
boundary conditions. Instabilities mostly result from a change
from monoclinic to triclinic stress pattern. Vorticity orientation,usually within the deformation plane, and rotation should be used
as a measure of the non-coaxiality of the deformation. The study
of local structures, anomalous with respect to the bulk ﬂow
should provide keys to understand the detailed emplacement of
magmas. Naturally those interactions should have also geochem-
ical effects, especially when considering the gaseous phase, that
could provide information on how minor elements, such as
metals, are carried by the magma, with possible links with ore
body formations.Acknowledgements
The present paper has a long history, since the ﬁrst observa-
tions of a regular fabric close to snails and enclaves vortex during a
Penrose Conference in Sierra Nevada under the supervision by
Scott Paterson U Southern California). Field excursions in Brazil
were conducted by Emanuel F. Jardim de Sa (UFRG, Natal). Those
in Japan have been driven by Sunsho Ishihara and Saturo Har-
ayama during a sabbatical leave at AIST, Tsukuba. The develop-
ment of fabrics through AMS and analogue modeling resulted in
the theoretical investigations controlling the rheology of partially
molten rocks with Jean Pierre Burg (ETH Zurich). It led to compare
structural instabilities to trafﬁc jam analogues. Basil Tikoff (U
Wisconsin) and Christian Teyssier (U Minnesota) introduced me to
transpression and partitioning. Renewed interest came with nice
ﬁeld descriptions by Barrie Clarke (Dalhousie University) who
encouraged and stimulated discussions leading to the present
paper.References
Abdallah, N., Liégeois, J.P., De Waele, B., Fezaa, N., Ouabadi, A., 2007. The Tema-
guessine Fe-cordierite orbicular granite (Central Hoggar, Algeria): UePb
SHRIMP age, petrology, origin and geodynamical consequences for the late Pan-
African magmatism of the Tuareg shield. Journal of African Earth Sciences 49,
153e178.
Aidun, C.K., Clause, J.R., 2010. Lattice-Boltzmann method for complex ﬂows. Annual
Review of Fluid Mechanics 42, 439e472.
Aïfa, T., Lefort, J.P., 2001. Relationship between dip and magma ﬂow in the
Saint-Malo dolerite dyke swarm (Brittany, France). Tectonophysics 331,
169e180.
Annen, C., 2009. From plutons to magma chambers: thermal constraints on the
accumulation of eruptible silicic magma in the upper crust. Earth and Planetary
Science Letters 284, 409e416.
Arbaret, L., Diot, H., Bouchez, J.L., 1996. Shape fabrics of particles in low concen-
tration suspensions: 2D analogue experiments and application to tiling in
magma. Journal of Structural Geology 18, 941e950.
Arbaret, L., Fernandez, A., Jezek, J., Ildefonse, B., Launeau, P., Diot, H., 2000. Analogue
and numerical modeling of shape fabrics: application to strain and ﬂow
determination in magmas. Transactions of the Royal Society of Edinburgh:
Earth Sciences 90, 97e109.
Archanjo, C.J., Launeau, P., Bouchez, J.L., 1995. Magnetic fabric vs. magnetite and
biotite shape fabrics of the magnetite-bearing granite pluton of Gameleiras
(Northeast Brazil). Physics of the Earth and Planetary Interiors 89, 63e75.
Arzi, A.A., 1978. Critical phenomena in the rheology of partially melted rocks.
Tectonophysics 44, 173e184.
Audétat, A., Keppler, H., 2004. Viscosity of ﬂuids in subduction zones. Science 303,
513e516.
Baas, J.H., Best, J.L., Peakall, J., 2011. Depositional processes, bedform development
and hybrid bed formation in rapidly decelerated cohesive (mudesand) sedi-
ment ﬂows. Sedimentology 58, 1953e1987.
Bachmann, O., Bergantz, G.W., 2006. Gas percolation in upper-crustal silicic crystal
mushes as a mechanism for upward heat advection and rejuvenation of near-
solidus magma bodies. Journal of Volcanology and Geothermal Research 149,
85e102.
Bagdassarov, N.S., Dingwell, D.B., 1992. A rheological investigation of vesicular
rhyolite. Journal of Volcanology and Geothermal Research 50, 307e322.
Bagdassarov, N.S., Dingwell, D.B., Webb, S.L., 1994. Viscoelasticity of crystal- and
bubble-bearing rhyolite melts. Physics of the Earth and Planetary Interiors 83,
83e99.
Bagdassarov, N.S., Dorfmann, A., Dingwell, D.B., 2000. Effect of alkalis, phosphorus,
and water on the surface tension of haplogranite melt. American Mineralogist
85, 33e40.
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663 659Bagnold, R.A., 1954. Experiments on a gravity-free dispersion of large solid spheres
in a Newtonian ﬂuid under shear. Proceedings of the Royal Society of London
A225, 49e63.
Balashov, V.N., Zaraisky, G.P., Setlmann, R., 2000. Fluid-magma interaction and
oscillatory phenomena during crystallization of granitic melt by accumulation
and escape of water and ﬂuorine. Petrology 8, 505e524.
Barbarin, B., 1990. Plagioclase xenocrysts and maﬁc magmatic enclaves in some
granitoids of the Sierra Nevada Batholith, California. Journal of Geophysical
Research B95, 17747e17756.
Barbey, P., 2009. Layering and schlieren in granitoids: a record of interactions be-
tween magma emplacement, crystallization and deformation in growing plu-
tons. Geologica Belgica 12, 109e133.
Barbey, P., Gasquet, D., Pin, C., Bourgeix, A.L., 2008. Igneous banding, schlieren and
maﬁc enclaves in calc-alkaline granites: the Budduso pluton (Sardinia). Lithos
104, 147e163.
Barrière, M., 1976. Flowage differentiation: limitation of the “Bagnold effect” to
narrow intrusions. Contributions to Mineralogy and Petrology 55, 139e145.
Barrière, M., 1981. On curved laminae, graded layers, convection currents and dy-
namic crystal sorting in the Ploumanac’h (Brittany) subalkaline granite. Con-
tributions to Mineralogy and Petrology 77, 214e224.
Bartels, A., Behrens, H., Holtz, F., Schmidt, B.C., Fechtelkord, M., Knipping, J.,
Crede, L., Baasner, A., Pukallus, N., 2013. The effect of ﬂuorine, boron and
phosphorus on the viscosity of pegmatite forming melts. Chemical Geology
346, 184e198.
Bartels, A., Vetere, F., Holtz, F., Behrens, H., Linnen, R.L., 2011. Viscosity of ﬂux-rich
pegmatitic melts. Contributions to Mineralogy and Petrology 162, 51e60.
Bear, J., 1988. Dynamics of ﬂuids in porous media. Dover, New York, p. 784.
Bennett, S.J., Best, J.L., 1995. Mean ﬂow and turbulence structure over ﬁxed, two-
dimensional dunes: implications for sediment transport and dune stability.
Sedimentology 42, 491e513.
Bergantz, G.W., 2000. On the dynamics of magma mixing by reintrusion: implica-
tions for pluton assembly processes. Journal of Structural Geology 22,
1297e1309.
Best, J., 2005. Kinematics, topology and signiﬁcance of dune-related macro-
turbulence: some observations from the laboratory and ﬁeld. In: Blum, M.D.,
Marriott, S.B., Leclair, S.F. (Eds.), Fluvial Sedimentology VII, pp. 41e60. Special
Publications of the International Association of Sedimentologists 35.
Bésuelle, P., 2001. Compacting and dilating shear bands in porous rock: theoretical
and experimental conditions. Journal of Geophysical Research B106,
13435e13442.
Blanchard, P., Delaney, R.L., Hall, G.R., 2011. Differential Equations, fourth ed. Brooks
Cole, p. 336.
Blumenfeld, P., Bouchez, J.L., 1988. Shear criteria in granite and migmatite deformed
in the magmatic and solid states. Journal of Structural Geology 10, 361e372.
Bogoch, R., Bourne, J., Shirav, M., Harnois, L., 1997. Petrochemistry of a Late Pre-
cambrian garnetiferous granite, pegmatite and aplite, Southern Israel. Miner-
alogical Magazine 61, 111e122.
Bohrson, W.A., Spera, F.J., 2001. Energy-constrained open system magmatic pro-
cesses II: application of energy-constrained assimilationefractional crystal-
lisation (EC-AFC) model to magmatic systems. Journal of Petrology 42,
1019e1041.
Borradaile, G.J., Henry, B., 1997. Tectonic applications of magnetic susceptibility and
its anisotropy. Earth-Science Reviews 42, 49e93.
Bouchez, J.L., 1997. Granite is never isotropic: an introduction to AMS studies of
granitic rocks. In: Bouchez, J.L., Hutton, D.H.W., Stephens, W.E. (Eds.), Granite:
From Segregation of Melt to Emplacement Fabrics. Kluwer Academic Publishers,
Netherlands, pp. 99e112.
Bouchez, J.L., 2000. Anisotropie de susceptibilité magnétique et fabrique des
granites. Comptes Rendus de l’Académie des Sciences e Series IIA e Earth and
Planetary Science 330, 1e14.
Boudreau, B.P., 1996. The diffusive tortuosity of ﬁne-grained unlithiﬁed sediments.
Geochimica et Cosmochimica Acta 60, 3139e3142.
Braun, J., Chery, J., Poliakov, A., Mainprice, D., Vauchez, A., Tommasi, A.,
Daignieres, M., 1999. A simple parameterization of strain localization in the
ductile regime due to grain size reduction: a case study for olivine. Journal of
Geophysical Research B104, 25167e25181.
Breiter, K., 2002. From explosive breccia to unidirectional solidiﬁcation textures:
magmatic evolution of a phosphorus and ﬂuorine-rich granite system (Podlesí,
Krusné Hory Mts., Czech Republic). Bulletin of the Czech Geological Survey 77,
67e92.
Burg, J.P., Bodinier, J.L., Gerya, T., Bedini, R.M., Boudier, F., Dautria, J.M., Prikhodko, V.,
Eﬁmov, A., Pupier, E., Balanec, J.L., 2009. Evidence and numerical modelling of
the Kondyor zoned ultramaﬁc complex (Russian Far-East). Journal of Petrology
50, 289e321.
Burg, J.P., Vanderhaeghe, O., 1993. Structures and way-up criteria in migmatites,
with application to the Velay dome (French Massif Central). Journal of Struc-
tural Geology 15, 1293e1301.
Burg, J.P., Vigneresse, J.L., 2002. Non-linear feedback loops in the rheology of
cooling-crystallising felsic magma and heating-melting felsic rock. In: Drury, M.
(Ed.), Deformation Mechanisms, Rheology and Tectonics, pp. 275e292.
Geological Society of London, Special Publication 200.
Burgisser, A., Bergantz, G., Breidenthal, R.E., 2005. Addressing complexity in labo-
ratory experiments: the scaling of dilute multiphase ﬂows in magmatic sys-
tems. Journal of Volcanology and Geothermal Research 141, 245e265.Burnham, C.W., 1997. Magmas and hydrothermal ﬂuids. In: Barnes, H.L. (Ed.),
Geochemistry of Hydrothermal Ore Deposits, vol. 3. John Wiley and Sons, Inc.,
New York, pp. 63e123.
Bystricky, M., Kunze, K., Burlini, L., Burg, J.P., 2000. High shear strain of olivine
aggregates: rheological and seismic consequences. Science 290, 1564e1567.
Candela, P.A., 1989. Felsic magmas, volatiles, and metallogenesis. In: Whitney, J.A.,
Naldrett, A.J. (Eds.), Ore Deposition Associated with Magmas, Reviews in Eco-
nomic Geology, vol. 4, pp. 223e233.
Candela, P.A., Blevin, P.L., 1995. Do some miarolitic granites preserve evidence of
magmatic volatile phase permeability? Economic Geology 90, 2310e2316.
Cannon, J.W., Conner, G.R., 2000. The combinatorial structure of the Hawaiian
earring group. Topology and its Applications 106, 225e271.
Cañon-Tapia, E., 1994. Anisotropy of magnetic susceptibility parameters: guidelines
for their rationale selection. Pageoph 142, 365e382.
Cañón-Tapia, E., Pinkerton, H., 2000. The anisotropy of magnetic susceptibility of
lava ﬂows: an experimental approach. Journal of Volcanology and Geothermal
Research 98, 219e233.
Caricchi, L., Annen, C., Rust, A., Blundy, J., 2012. Insights into the mechanisms and
timescales of pluton assembly from deformation patterns of maﬁc enclaves.
Journal of Geophysical Research B117, B11206. http://dx.doi.org/10.1029/
2012JB009325.
Caricchi, L., Burlini, L., Ulmer, P., Gerya, T., Vassalli, M., Papale, P., 2007. Non-New-
tonian rheology of crystal-bearing magmas and implications for magma ascent
dynamics. Earth and Planetary Science Letters 264, 402e419.
Carten, R.B., Geraghty, E.P., Walker, B.M., Shannon, J.R., 1988. Cyclic development of
igneous features and their relationship to high-temperature hydrothermal
features in the Henderson porphyry molybdenum deposit, Colorado. Economic
Geology 83, 266e296.
Castro, A., Moreno-Ventas, I., De la Rosa, J.D., 1991. H-type (hybrid) granitoids:
a proposed revision of the granite-type classiﬁcation and nomenclature.
Earth-Science Reviews 31, 237e253.
Chemale Jr., F., Rosière, C.A., Souza-Gomes, N., 1996. Structures indicative of heli-
coidal ﬂow in a migmatitic diapir (Bação Complex, southeastern Brazil) by J.F.
Hippertt: comment. Tectonophysics 267, 343e345.
Chopard, B., Droz, M., 1998. Cellular Automata Modeling of Physical Systems.
Cambridge University Press, Cambridge, p. 341.
Cintra, J.S., Tucker, C.L., 1995. Orthotropic closure approximations for ﬂow-induced
ﬁber orientation. Journal of Rheology 39, 1095e1122.
Clarke, D.B., Clarke, G.K.C., 1998. Layered granodiorites at Chebucto Head, South
Mountain Batholith, Nova Scotia. Journal of Structural Geology 20,
1305e1324.
Clarke, D.B., Grujic, D., McCuish, K.L., Sykes, J.C.P., Tweedale, F.M., 2013. Ring
schlieren: description and interpretation of ﬁeld relations in the Halifax Pluton,
South Mountain Batholith, Nova Scotia. Journal of Structural Geology 51,
193e205.
Clemens, J.D., Petford, N., 1999. Granitic melt viscosity and silicic magma dynamics
in contrasting tectonic settings. Journal of the Geological Society of London 156,
1057e1060.
Cobbold, P.R., Quinquis, H., 1980. Development of sheath folds in shear regimes.
Journal of Structural Geology 2, 19e126.
Coleman, D.S., Briggs, S., Glazner, A.F., Northrup, C.J., 2003. Timing of plutonism and
deformation in the White Mountains of eastern California. Geological Society of
America Bulletin 115, 48e57.
Costa, A., Caricchi, L., Bagdassarov, N., 2009. A model for the rheology of particle-
bearing suspensions and partially molten rocks. Geochemistry, Geophysics,
Geosystems 10, Q03010. http://dx.doi.org/10.1029/2008GC002138.
Cruden, A.R., Tobisch, O.T., Launeau, P., 1999. Magnetic fabric evidence for conduit-
fed emplacement of a tabular intrusion: Dinkey Creek Pluton, central Sierra
Nevada batholith, California. Journal of Geophysical Research B104,
10511e10530.
Dabrowski, M., Schmid, D.W., Podladchikov, Y.Y., 2012. A two-phase composite in
simple shear: effective mechanical anisotropy development and localization
potential. Journal of Geophysical Research B117, B08406. http://dx.doi.org/
10.1029/2012JB009183.
Daub, E.G., Manning, M.L., Carlson, J.M., 2008. Shear strain localization in elasto-
dynamic rupture simulations. Geophysical Research Letters 35, L12310. http://
dx.doi.org/10.1029/2008GL033835.
de Saint Blanquat, M., Habert, G., Horsman, E., Morgan, S.S., Tikoff, B., Launeau, P.,
Gleizes, G., 2006. Mechanisms and duration of non-tectonically assisted magma
emplacement in the upper crust: the Black Mesa pluton, Henry Mountains,
Utah. Tectonophysics 428, 1e31.
de Saint Blanquat, M., Tikoff, B., Teyssier, C., Vigneresse, J.L., 1998. Transpressional
kinematics and magmatic arcs. In: Holdsworth, R.E., Strachan, R.A., Dewey, J.F.
(Eds.), Continental Transpressional and Transtensional Tectonics, pp. 327e340.
Geological Society of London Special Publication 135.
de Saint Blanquat, M., Horsman, E., Habert, G., Morgan, S., Vanderhaeghe, O., Law, R.,
Tikoff, B., 2011. Multiscale magmatic cyclicity, duration of pluton construction,
and the paradoxical relationship between tectonism and plutonism in conti-
nental arcs. Tectonophysics 500, 20e33.
de Vries, A.W.G., Biesheuvel, A., van Wijngaarden, L., 2002. Notes on the path and
wake of a gas bubble rising in pure water. International Journal of Multiphase
Flow 28, 1823e1835.
Dietl, C., de Wall, H., Finger, F., 2010. Tube-like schlieren structures in the
Fürstenstein Intrusive Complex (Bavarian Forest, Germany): evidence for
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663660melt segregation and magma ﬂow at intraplutonic contacts. Lithos 116,
321e339.
Divoux, F., Bertin, E., Vidal, V., Géminard, J.C., 2009. Intermittent outgassing through
a non-Newtonian ﬂuid. Physical Review E79, 056204. http://dx.doi.org/10.1103/
PhysRevE.79.056204.
do Nascimento, R.S.C., McReath, I., Galindo, A.C., 2010. Relationships between
shearing and granitic magma emplacement: the Remígio-Pocinhos Shear Zone
in the São José do Campestre Massif, NE Brazil. Revista do Instituto de Geo-
ciências e USP 10e3, 3e18.
du Bernard, X., Eichhubl, P., Aydin, A., 2002. Dilation bands: a new form of localized
failure in granular media. Geophysical Research Letters 29, 1e4.
Du, C., Yortsos, Y.C., 1999. A numerical study of the critical gas saturation in a porous
medium. Transport in Porous Media 35, 205e225.
Eda, K., 2002. The fundamental groups of one-dimensional wild spaces and the
Hawaiian earring. Proceedings of the American Mathematical Society 130,
1515e1522.
Ehlers, W., Volk, W., 1997. On shear band localization phenomena of liquid-
saturated granular elastoplastic porous solid materials accounting for ﬂuid
viscosity and micropolar solid rotations. Mechanics of Cohesive-frictional Ma-
terials 2, 301e320.
Eichelberger, J.C., 1980. Vesiculation of maﬁc magma during replenishment of silicic
magma reservoirs. Nature 288, 446e450.
Einstein, A., 1906. Eine neue Bestimmung der Molekul-dimensionnen. Annales de
Physique 19, 289e306.
Exner, U., Dabrowski, M., 2010. Monoclinic and triclinic 3D ﬂanking structures
around elliptical cracks. Journal of Structural Geology 32, 2009e2021.
Fernandez, A.N., Gasquet, D., 1994. Relative rheological evolution of chemically
contrasted coeval magmas: example of the Tichka plutonic complex (Morocco).
Contributions to Mineralogy and Petrology 116, 316e326.
Fernàndez, C., Czeck, D.M., Diaz-Azpiroz, M., 2013. Testing the model of oblique
transpression with oblique extrusion in two natural cases: steps and conse-
quences. Journal of Structural Geology 54, 85e102.
Fernàndez, C., Diaz-Azpiroz, M., 2010. Triclinic transpression zones with inclined
extrusion. Journal of Structural Geology 31, 1255e1269.
Ferré, E.C., Martin-Hernandez, F., Teyssier, C., Jackson, M., 2004. Paramagnetic and
ferromagnetic anisotropy of magnetic susceptibility in migmatites: measure-
ments in high and low ﬁelds and kinematic implications. Geophysical Journal
International 157, 1119e1129.
Flinn, D., 1962. On folding during three dimensional progressive deformation.
Geological Society London Quarterly 118, 385e433.
Flinn, D., 1979. The deformation matrix and the deformation ellipsoid. Journal of
Structural Geology 1, 299e307.
Folgar, F.P., Tucker, C.L., 1984. Orientation behavior of ﬁbers in concentrated sus-
pensions. Journal of Reinforced Plastic Composites 3, 98e119.
Forien, M., Arbaret, L., Burgisser, A., Champallier, R., 2011. Experimental constrains
on shear-induced crystal breakage ib magmas. Journal of Geophysical Research
B116, B08217. http://dx.doi.org/10.1029/2010JB008026.
Fossen, H., Teyssier, C., Whitney, D.L., 2013. Transtensional folding. Journal of
Structural Geology 56, 89e102.
Fossen, H., Tikoff, B., 1998. Extended models of transpression and transtension, and
application to tectonic settings. In: Holdsworth, R.E., Strachan, R.A., Dewey, J.E.
(Eds.), Continental Transpressional and Transtensional Tectonics, pp. 15e33.
Geological Society, London, Special Publications 135.
Frost, T.P., Mahood, G.A., 1987. Field, chemical, and physical constraints on maﬁc-
felsic magma interaction in the Lamarck Granodiorite, Sierra Nevada. Califor-
nia Geological Society of America Bulletin 99, 272e291.
Fry, N., 1979. Random point distributions and strain measurement in rocks. Tecto-
nophysics 60, 89e105.
Fusseis, F., Regenauer-Lieb, K., Liu, J., Hough, R.M., De Carlo, F., 2009. Creep cavita-
tion can establish a dynamic granular ﬂuid pump in ductile shear zones. Nature
459, 974e977.
Gaillot, P., de Saint-Blanquat, M., Bouchez, J.L., 1995. Effects of magnetic interactions
in anisotropy of magnetic susceptibility: models, experiments and implications
for igneous rock fabrics quantiﬁcation. Tectonophysics 418, 3e19.
Gardner, J.E., Hilton, M., Carroll, M.R., 1999. Experimental constraints on degassing
of magma: isothermal bubble growth during continuous decompression from
high pressure. Earth and Planetary Science Letters 168, 201e218.
Gilbert, G.K., 1906. Gravitational assemblage in granite. Bulletin of the Geological
Society of America 17, 321e328.
Giordano, D., Russell, J.K., Dingwell, D.B., 2008. Viscosity of magmatic liquids: a
model. Earth and Planetary Science Letters 271, 123e134.
Girard, G., Stix, J., 2009. Buoyant replenishment in silicic magma reservoirs:
experimental approach and implications for magma dynamics, crystal mush
remobilization, and eruption. Journal of Geophysical Research B114, B8203.
http://dx.doi.org/10.1029/2008JB005791.
Gleizes, G., Nédélec, A., Bouchez, J.L., Autran, A., Rochette, P., 1993. Magnetic sus-
ceptibility of the Mont-Louis Andorra ilmenite-type granite (Pyrenees): a new
tool for the petrographic characterization and regional mapping of zoned
granite plutons. Journal of Geophysical Research B98, 4317e4331.
Goddard, J.D., 2003. Material instability in complex ﬂuids. Annual Review of Fluid
Mechanics 35, 113e133.
Govardhan, R., Williamson, C.H.K., 2000. Modes of vortex formation and frequency
response of a freely vibrating cylinder. Journal of Fluid Mechanics 420, 85e130.Grigoriadis, D.G.E., Balaras, E., Dimas, A.A., 2009. Large eddy simulation of undir-
ectional water ﬂow over dunes. Journal of Geophysical Research F114, F02022.
http://dx.doi.org/10.1029/2008JF001014.
Grosse, P., Toselli, A.J., Rossi, J.N., 2010. Petrology and geochemistry of the orbicular
granitoid of Sierra de Velasco (NWArgentina) and implications for the origin of
orbicular rocks. Geological Magazine 147, 451e468.
Guineberteau, B., Bouchez, J.L., Vigneresse, J.L., 1987. The Mortagne granite pluton
(France) emplaced by pull-apart along a shear zone: structural and gravimetric
arguments and regional implication. Geological Society of America Bulletin 99,
763e770.
Guyon, E., Roux, S., Hansen, A., Bideau, D., Troadec, J.P., Crapo, H., 1990. Non-local
and non-linear problems in the mechanics of disordered systems: application
to granular media and rigidity problems. Reports on Progress in Physics 53,
373e419.
Handy, L.L., 1958. A laboratory study of oil recovery by solution gas drive. AIME
Transactions 213, 310e315.
Harvey, L.D.D., 1980. Shearing and kolking phenomena in ﬂuvial sediments, Old
Crow, Yukon Territory. Canada Journal of Sedimentary Research 50, 787e791.
Hecht, L., Vigneresse, J.L., 1999. A multidisciplinary approach combining
geochemical, gravity and structural data: implications for pluton emplacement
and zonation. In: Castro, A., Fernandez, C., Vigneresse, J.L. (Eds.), Understanding
Granites: Integrating New and Classical Techniques, pp. 95e110. Geological
Society London, Special Publications 168.
Heinrich, C.A., Driesner, T., Stefánsson, A., Seward, T.M., 2004. Magmatic vapor
contraction and the transport of gold from the porphyry environment to epi-
thermal ore deposits. Geology 32, 761e764.
Helbing, D., 2001. Trafﬁc and related self-driven many particle systems. Reviews in
Modern Physics 73, 1067e1141.
Herd, R.A., Pinkerton, H., 1997. Bubble coalescence in basaltic lava: its impact on the
evolution of bubble populations. Journal of Volcanology and Geothermal
Research 75, 137e157.
Hersum, T., Hilpert, M., Marsh, B., 2005. Permeability and melt ﬂow in simulated
and natural partially molten basaltic magmas. Earth and Planetary Science
Letters 237, 798e814.
Hersum, T.G., Marsh, B.D., 2006. Igneous microstructures from kinetic models
of crystallization. Journal of Volcanology and Geothermal Research 154,
34e47.
Hippertt, J.F., 1994. Structures indicative of helicoidal ﬂow in a migmatitic diapir
(Baçao Complex, southeastern Brazil). Tectonophysics 234, 169e196.
Hippertt, J.F., 1996. Structures indicative of helicoidal ﬂow in a migmatitic diapir
(Bação Complex, southeastern Brazil): reply. Tectonophysics 267, 347e349.
Hodge, K.E., Carazzo, G., Jellinek, L.A., 2012a. Experimental constraints on the
deformation and breakup of injected magma. Earth and Planetary Science
Letters 325e326, 52e62.
Hodge, K.F., Carazzo, G., Montague, X., Jellinek, A.M., 2012b. Magmatic structures in
the Tuolumne Intrusive Suite, California: a new model for the formation and
deformation of ladder dikes. Contributions to Mineralogy and Petrology 164,
587e600.
Hodge, K.F., Jellinek, A.M., 2012. Linking enclave formation to magma rheology.
Journal of Geophysical Research B117, B10208. http://dx.doi.org/10.1029/
2012JB009393.
Holmes-Cerfon, M.C., Whitehead, J.A., 2011. Instability and freezing in a solidifying
melt conduit. Physica D240, 131e139.
Holtz, F., Lenné, S., Ventura, G., Vetere, F., Wolf, P., 2004. Non-linear deformation and
break up of enclaves in a rhyolitic magma: a case study from Lipari Island
(southern Italy). Geophysical Research Letters 31, L24611. http://dx.doi.org/
10.1029/2004GL021590.
Holtzmann, R., Juanes, R., 2010. Crossover from ﬁngering to fracturing in deform-
able disordered media. Physical Review E82, 046305. http://dx.doi.org/10.1103/
PhysRevE.82.046305.
Holub, F.V., Machart, J., Manová, M., 1997. The Central lithology and the origin of the
Central Bohemian Pluton (Bohemian Bohemian Plutonic Complex: geology,
chemical composition and genetic interpretation. Sbornik Geologickych Ved,
Loziskova GeologieeMineralogie 31, 27e50.
Holyoke, C.W., Tullis, J., 2006. Mechanisms of weak phase interconnection and the
effects of phase strength contrast on fabric development. Journal of Structural
Geology 28, 621e640.
Hönig, S., Leichman, J., Novák, M., 2010. Unidirectional solidiﬁcation textures and
garnet layering in Y-enriched garnet-bearing apliteepegmatites in the
Cadomian Brno batholith, Czech Republic. Journal of Geosciences 55,
113e129.
Hrouda, F., 1993. Variscan magnetic fabric overprinting in sedimentary and crys-
talline thrust sheets in the NE Bohemian massif. Tectonics 12, 507e518.
Huber, C., Bachmann, O., Dufek, J., 2011. Thermo-mechanical reactivation of locked
crystal mushes: melting-induced internal fracturing and assimilation processes
in magmas. Earth and Planetary Science Letters 304, 443e454.
Huber, C., Bachmann, O., Vigneresse, J.L., Dufek, J., Parmigiani, A., 2012. A physical
model for metal extraction and transport in shallow magmatic systems.
Geochemistry, Geophysics, Geosystems 13, Q08003. http://dx.doi.org/10.1029/
2012GC004042.
Huber, C., Parmigiani, A., Chopard, B., Manga, M., Bachmann, O., 2008. Lattice
Boltzmann model for melting with natural convection. International Journal of
Heat and Fluid Flow 29, 1469e1480.
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663 661Hui, H., Zhang, Y., 2007. Towards a general viscosity equation for natural anhydrous
and hydrous silicate melts. Geochimica et Cosmochimica Acta 71, 403e416.
Hunt, M.L., Zenit, R., Campbell, C.S., Brennen, C.E., 2002. Revisiting the 1954 sus-
pension experiments of R.A. Bagnold. Journal of Fluid Mechanics 452, 1e24.
Huppert, H.E., Sparks, R.S.J., Whitehead, J.A., Hallworth, M.A., 1986. Replenishment
of magma chambers by light inputs. Journal of Geophysical Research B91,
6113e6122.
Hurwitz, S., Navon, O., 1994. Bubble nucleation in rhyolitic melts: experiments at
high pressure, temperature, and water content. Earth and Planetary Science
Letters 122, 267e280.
Iacopini, D., Carosi, R., Xypolias, P., 2010. Implications of complex eigenvalues in
homogeneous ﬂow: a three-dimensional kinematic analysis. Journal of Struc-
tural Geology 32, 93e106.
Iacopini, D., Passchier, C.W., Koehn, D., Carosi, R., 2007. Fabric attractors in general
triclinic ﬂow systems and their application to high strain shear zones: a
dynamical system approach. Journal of Structural Geology 29, 298e317.
Ildefonse, B., Launeau, P., Bouchez, J.L., Fernandez, A., 1992. Effect of mechanical
interactions on the development of shape preferred orientations: a two-
dimensional experimental approach. Journal of Structural Geology 14, 73e83.
Ishihara, S., 1977. The magnetite-series and ilmenite-series granitic rocks. Mining
Geology 27, 293e305.
Jain, A.K., Juanes, R., 2009. Preferential mode of gas invasion in sediments: grain-
scale mechanistic model of coupled multiphase ﬂuid ﬂow and sediment me-
chanics. Journal of Geophysical Research B114, B08101. http://dx.doi.org/
10.1029/2008JB006002.
Janousek, V., Rogers, G., Bowes, D.R., Vanková, V., 1997. Cryptic trace-element
variation as an indicator of reverse zoning in a granitic pluton: the Ricany
granite. Czech Republic Journal of the Geological Society 154, 807e815.
Jardim de Sa, E.F., Trinidade, R.I.F., Hollanda, M.H.B.M., Galindo, A.C., Amaro, V.E.,
Souza, Z.S., Vigneresse, J.L., Lardeaux, J.M., 1999. Brasiliano syntectonic alkaline
granites emplaced in a strike-slip/extensional setting (Eastern Serido belt, NE
Brazil). Anais da Academia Brasileira de Ciências 71, 17e27.
Jeffery, G.B., 1922. The motion of ellipsoidal particles immersed in viscous ﬂuid.
Proceedings of the Royal Society of London A102, 161e179.
Jelinek, V., 1981. Characterization of the magnetic fabric of rocks. Tectonophysics 79,
T63eT67.
Jessup, M.J., Law, R.D., Searle, M.P., Hubbard, M.S., 2006. Structural evolution and
vorticity of ﬂow during extrusion and exhumation of the Greater Himalayan
Slab, Mount Everest Massif, Tibet/Nepal. Implications for orogen-scale ﬂow
partitioning. In: Law, R.D., Searle, M.P., Godin, L. (Eds.), Channel Flow, Ductile
Extrusion and Exhumation in Continental Collision Zones. Geological Society of
London Special Publication 268, 379e343.
Jezek, J., Schulmann, K., Paterson, S., 2013. Modiﬁed Jeffery model: inﬂuence of
particle concentration on mineral fabric in moderately concentrated suspen-
sions. Journal of Geophysical Research 852e861. http://dx.doi.org/10.1002/
jgrb.50105. B118, 118.
Jinescu, V.V., 1974. The rheology of suspensions. International Chemical Engineering
14, 397e420.
John, B., Blundy, J., 1993. Emplacement-related deformation of granitoid magmas,
southern Adamello Massif, Italy. Geological Society of America Bulletin 105,
1517e1541.
Jones, R.R., Holdsworth, R.E., 1998. Oblique simple shear in transpression zones. In:
Holdsworth, R.E., Strachan, R.A., Dewey, J.F. (Eds.), Continental Transpressional
and Transtensional Tectonics, pp. 35e40. Geological Society of London Special
Publication 135.
Jones, R.R., Holdsworth, R.E., Clegg, P., McCaffrey, K.J.W., Tavarnelli, E., 2004. Inclined
transpression. Journal of Structural Geology 26, 1531e1548.
Kamenetsky, V.S., van Achterbergh, E., Ryan, C.G., Naumov, V.B., Mernagh, T.P.,
Davidson, P., 2002. Extreme chemical heterogeneity of granite-derived hydro-
thermal ﬂuids: an example from inclusions in a single crystal of miarolitic
quartz. Geology 30, 459e462.
Kaus, B.J.P., Podladchikov, Y.Y., 2006. Initiation of localized shear zones in viscoe-
lastoplastic rocks. Journal of Geophysical Research B111, B04412. http://
dx.doi.org/10.1029/2005JB003652.
Kerner, B.S., 2012. Complexity of spatiotemporal trafﬁc phenomena in ﬂow of
identical drivers: explanation based on fundamental hypothesis of three-phase
theory. Physical Review E85, 036110. http://dx.doi.org/10.1103/PhysRevE.85.0.
Kerner, B.S., Klenov, S.L., 2009. Phase transitions in trafﬁc ﬂow on multilane roads.
Physical Review E80, 056101. http://dx.doi.org/10.1103/PhysRevE.80.056101.
Kirby, S.H., Kronenberg, A.K., 1987. Rheology of the lithosphere: selected topics.
Reviews of Geophysics 25, 1219e1244.
Knight, M.D., Walker, G.P.L., 1988. Magma ﬂow directions in dikes of the Koolau
Complex, Oahu, determined from magnetic fabric studies. Journal of
Geophysical Research B93, 4301e4319.
Kohlstedt, D.L., Bai, Q., Wang, Z.C., Mai, S., 2000. Rheology of partially molten rocks.
In: Bagdassarov, N., Laporte, D., Thompson, A.B. (Eds.), Physics and Chemistry of
Partially Molten Rocks. Kluwer, Dordrecht, pp. 3e28.
Kostaschuk, R.A., Church, M.A., 1993. Macroturbulence generated by dunes: Fraser
River, Canada. Sedimentary Geology 85, 25e37.
Koyi, H., Schmeling, H., Burchardt, S., Talbot, C., Mukherjee, S., Sjöström, H.,
Chemia, Z., 2013. Shear zones between rock units with no relative movement.
Journal of Structural Geology 50, 82e90.
Kratinová, K., Schulmann, K., Edel, J.B., Tabaud, A.S., 2012. AMS record of brittle
dilation, viscous-stretching and gravity-driven magma ascent in area ofmagma-rich crustal extension (Vosges Mts., NE France). International Journal of
Earth Sciences 101, 803e817.
Krieger, I.M., Dougherty, T.J., 1959. A mechanism for non Newtonian ﬂow in
suspensions of rigid spheres. Transactions of the Society of Rheology 3,
137e152.
Kruhl, J.H., 2013. Fractal geometry techniques in the quantiﬁcation of complex rock
structures: a special view on scaling regimes, inhomogeneity and anisotropy.
Journal of Structural Geology 46, 2e21.
Kruhl, J.H., Nega, M., 1996. The fractal shape of sutured quartz grain boundaries:
application as a geothermometer. Geologische Rundschau 85, 38e43.
Kuiper, Y.D., Jiang, D., Lin, S., 2007. Relationship between non-cylindrical fold ge-
ometry and the shear direction in monoclinic and triclinic shear zones. Journal
of Structural Geology 29, 1022e1033.
Launeau, P., Archanjo, C.J., Picard, D., Arbaret, L., Robin, P.Y.F., 2010. Two- and three-
dimensional shape fabric analysis by the intercept method in grey levels. Tec-
tonophysics 492, 230e239.
Launeau, P., Robin, P.Y.F., 1996. Fabric analysis using the intercept method. Tecto-
nophysics 276, 91e119.
Law, R.D., 1990. Crystallographic fabrics: a selective review of their applications to
research in structural geology. In: Knipe, R.J., Rutter, E.H. (Eds.), Deformation
Mechanisms, Rheology and Tectonics, pp. 335e352. Geological Society of Lon-
don, Special Publications 54.
Lenormand, D., Touboul, E., Zarcone, C., 1988. Numerical models and experiments
on immiscible displacements in porous media. Journal of Fluid Mechanics 189,
165e187.
Leuthold, J., Müntener, O., Baumgartner, L.P., Putlitz, B., Ovtcharova, M.,
Schaltegger, U., 2012. Time resolved construction of a bimodal laccolith (Torres
del Paine, Patagonia). Earth and Planetary Science Letters 325e326, 85e92.
Levenson, D.J., 1966. Orbicular rocks: a review. Geological Society of America
Bulletin 77, 409e426.
Liégeois, J.P., Claessens, W., Camara, D., Klerkx, J., 1991. Short-lived orogeny in
southern Mali. Geology, tectonics, U-Pb and Rb-Sr geochronology. Precambrian
Research 50, 111e136.
Lisle, R.J., 1979. Strain analysis using deformed pebbles: the inﬂuence of initial
pebble shape. Tectonophysics 60, 263e277.
Lisle, R.J., 1990. Geological Strain Analysis: a Manual for the Rf/f Technique. Per-
gamon Press, Oxford, p. 99.
London, D., 1992. The application of experimental petrology to the genesis and
crystallization of granitic pegmatites. The Canadian Mineralogist 30, 499e540.
London, D., 2005. Granitic pegmatites: an assessment of current concepts and di-
rections for the future. Lithos 80, 281e303.
London, D., 2009. The origin of primary textures in granitic pegmatites. The Ca-
nadian Mineralogist 47, 697e724.
London, D., Morgan, G.B.I.V., Paul, K.A., Guttery, B.M., 2012. Internal evolution of
miarolitic granitic pegmatites at the Little Three Mine, Ramona, California, USA.
The Canadian Mineralogist 50, 1025e1054.
Løvoll, G., Méheust, Y., Måløy, K., Aker, E., Schmittbuhl, J., 2005. Competition of
gravity, capillary and viscous forces during drainage in a two-dimensional
porous medium, a pore scale study. Energy 30, 861e872.
Maaløe, S., 1985. Principles of Igneous Petrology. Springer-Verlag, Heidelberg,
p. 374.
Magnaudet, J., Eames, I., 2000. The motion of high-Reynolds-number bubbles in
inhomogeneous ﬂows. Annual Review of Fluid Mechanics 32, 659e708.
Magnaudet, J., Mougin, G., 2007. Wake instability of a ﬁxed spheroidal bubble.
Journal of Fluid Mechanics 572, 311e338.
Mahood, G.A., Cornejo, P.C., 1992. Evidence for ascent of differentiated liquids in
silicic magma chamber found in granitic pluton: La Gloria pluton, central Chile.
Transactions of the Royal Society of Edinburgh: Earth Sciences 83, 63e69.
Mainprice, D., Humbert, M., 1994. Methods of calculating petrophysical properties
from lattice preferred orientation data. Surveys in Geophysics 15, 575e592.
Mamtani, M.A., 2010. Strain-rate estimation using fractal analysis of quartz grains in
naturally deformed rocks. Journal of the Geological Society of India 75, 202e209.
Mamtani, M.A., 2012. Fractal analysis of magnetite grains- Implications for inter-
preting deformation mechanisms. Journal of the Geological Society of India 80,
308e313.
Mamtani, M.A., Greiling, R.O., 2010. Serrated quartz grain boundaries, temperature
and strain rate: testing fractal techniques in a syntectonic granite. In: Spalla, I.,
Marotta, A.M., Gosso, G. (Eds.), Advances in Interpretation of Geological Pro-
cesses: Reﬁnement of Multi-scale Data and Integration in Numerical Modelling,
pp. 35e48. Geological Society, London, Special Publications, 332.
Mandelbrot, B.B., 1982. The Fractal Geometry of Nature. W. H. Freeman and Com-
pany, p. 468.
Manga, M., Loewenberg, M., 2001. Viscosity of magmas containing highly deform-
able bubbles. Journal of Volcanology and Geothermal Research 105, 19e24.
Mangan, M., Sisson, T., 2000. Delayed, disequilibrium degassing in rhyolite magma.
Decompression experiments and implications for explosive volcanism. Earth
and Planetary Science Letters 183, 441e455.
Manneville, P., 1991. Structures Dissipatives, Chaos et Turbulence. Arléa Saclay,
p. 420.
March, A., 1932. Mathematische Theorie der Regelung nach der Korngestalt bei
afﬁner Deformation. Zeitschrift für Kristallographie, Mineralogie und Petrog-
raphie 81, 285e297.
Marques, F.O., Burlini, L., Burg, J.P., 2011. Microstructural and mechanical effects of
strong ﬁne-grained muscovite in soft halite matrix: shear strain localization in
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663662torsion. Journal of Geophysical Research B116, B08213. http://dx.doi.org/
10.1029/2010JB008080.
Means, W.D., Hobbs, B.E., Lister, G.S., Williams, P.F., 1980. Vorticity and non-
coaxiality in progressive deformations. Journal of Structural Geology 2,
371e378.
Means, W.D., Paterson, M.S., 1966. Experiments on preferred orientation of platy
minerals. Contributions to Mineralogy and Petrology 13, 108e133.
Memeti, V., Paterson, S.R., Matzel, J., Mundil, R., Okaya, D., 2010. Magmatic lobes as
“snapshots” of magma chamber growth and evolution in large, composite
batholiths: an example from the Tuolumne intrusion, Sierra Nevada, California.
Geological Society of America Bulletin 122, 1912e1931.
Miller, R.B., Paterson, S.R., 2001. Construction of mid-crustal sheeted plutons: ex-
amples from the North Cascades, Washington. Geological Society of America
Bulletin 113, 1423e1442.
Misra, S., Mandal, N., 2007. Localization of plastic zones in rocks around rigid in-
clusions: insights from experimental and theoretical models. Journal of
Geophysical Research B112, B09206. http://dx.doi.org/10.1029/2006JB004328.
Misseri, M., Vigneresse, J.L., 1984. Simulation of deformation of lattices: point-to-
point analysis and applications. Journal of Structural Geology 6, 321e329.
Moore, J.G., Lockwood, J.P., 1973. Origin of comb layering and obicular structure,
Sierra Nevada Batholith, California. Geological Society of America Bulletin 84,
1e20.
Mougin, G., Magnaudet, J., 2002. The generalized Kirchhoff equations and their
application to the interaction between a rigid body and an arbitrary time-
dependent viscous ﬂow. International Journal of Multiphase Flow 28,
1837e1851.
Nagatani, T., 2002. The physics of trafﬁc jams. Reports on Progress in Physics 65,
1331e1386.
Nagel, K., Paczuski, M., 1995. Emergent trafﬁc jam. Physical Review E51, 2909e2916.
Naumov, V.B., Kovalenko, V.I., Dorofeeva, V.A., Girnis, A.V., Yarmolyuk, V.V., 2010.
Average composition of igneous melts from main geodynamic settings ac-
cording to investigation of melt inclusions in minerals and quenched glasses of
rocks. Geochemistry International 48, 1185e1207.
Navon, O., Chekhmir, A., Lyakhovsky, V., 1998. Bubble growth in highly viscous
melts. Earth and Planetary Science Letters 160, 763e776.
Navrotsky, A., 1995. Thermodynamic properties of minerals. In: Ahrens, T.J. (Ed.),
Rock Physics and Phase Relations. A Handbook of Physical Constants, AGU
Reference Shelf, vol. 2, pp. 18e32.
Oertel, H., 1955. Der Pluton von Loch Doon in Sudschottland. Geotektonische For-
schung 11, 1e83.
Olivier, P., de Saint Blanquat, M., Gleizes, G., Leblanc, D., 1997. Homogeneity of
granite fabrics at the metre and decametre scale. In: Bouchez, J.L.,
Hutton, D.H.W., Stephens, W.E. (Eds.), Granite: From Segregation of Melt to
Emplacement Fabrics. Kluwer Academic Publishers, Amsterdam,
pp. 113e127.
Palabos, 2010. The Palabos Software Project. http://www.lbmethod.org/palabos/.
Panozzo, R., 1987. Two-dimensional strain determination by the inverse Surfor
wheel. Journal of Structural Geology 9, 115e119.
Panozzo-Heilbronner, R., 1992. The autocorrelation function: an image processing
tool for fabric analysis. Tectonophysics 212, 351e370.
Parmigiani, A., Huber, C., Bachmann, O., Chopard, B., 2011. Pore-scale mass and
reactant transport in multiphase porous media ﬂow. Journal of Fluid Mechanics
686, 40e76.
Parmigiani, A., Huber, C., Chopard, B., Latt, J., Bachmann, O., 2009. Application of the
multi distribution function lattice Boltzmann approach to thermal ﬂows. The
European Physical Journal Special Topics 171, 37e43.
Passchier, C.W., 1997. The fabric attractor. Journal of Structural Geology 19, 113e127.
Passchier, C.W., Trouw, A.A.J., 2005. Microtectonics. Springer Verlag, Berlin, p. 382.
Paterson, L., 1981. Radial ﬁngering in a Hele-Shaw cell. Journal of Fluid Mechanics
113, 513e529.
Paterson, M.S., Olgaard, D.L., 2000. Rock deformation tests to large strains in torsion.
Journal of Structural Geology 22, 1341e1358.
Paterson, S.R., 2009. Magmatic tubes, pipes, troughs, diapirs, and plumes: late-stage
convective instabilities resulting in compositional diversity and permeable
networks in crystal-rich magmas of the Tuolumne batholith, Sierra Nevada,
California. Geosphere 5, 496e527.
Paterson, S.R., Pignotta, G.S., Vernon, R.H., 2004. The signiﬁcance of micro-
granitoid enclave shapes and orientations. Journal of Structural Geology 26,
1465e1481.
Paterson, S.R., Vernon, R.H., Tobisch, O.T., 1989. A review of criteria for identiﬁcation
of magmatic and tectonic foliations in granitoids. Journal of Structural Geology
11, 349e363.
Patiño Douce, A.E., Beard, J.S., 1995. Dehydration-melting of biotite gneiss and
quartz amphibolite from 3 to 15 kbar. Journal of Petrology 36, 707e738.
Pawley, M.J., Collins, W.J., 2002. The development of contrasting structures during
the cooling and crystallisation of a syn-kinematic pluton. Journal of Structural
Geology 24, 469e483.
Perugini, D., Speziali, A., Caricchi, L., Kueppers, U., 2011. Application of fractal
fragmentation theory to natural pyroclastic deposits: insights into volcanic
explosivity of the Valentano scoria cone (Italy). Journal of Volcanology and
Geothermal Research 202, 200e210.
Perugini, D., Valentini, L., Poli, G., 2007. Insights into magma chamber processes
from the analysis of size distribution of enclaves in lava ﬂows: a case study from
Vulcano Island (Southern Italy). Journal of Volcanology and Geothermal
Research 166, 193e203.Peternell, M., Fátima Bitencourt, M., Kruhl, J.H., 2011. Combined quantiﬁcation of
anisotropy and inhomogeneity of magmatic rock fabrics e an outcrop scale
analysis recorded in high resolution. Journal of Structural Geology 33,
609e623.
Pistone, M., Caricchi, L., Ulmer, P., Burlini, L., Ardia, P., Reusser, E., Marone, F.,
Arbaret, L., 2012. Deformation experiments of bubble- and crystal-bearing
magmas: rheological and microstructural analysis. Journal of Geophysical
Research B117, B05208. http://dx.doi.org/10.1029/2011JB008986.
Pistone, M., Caricchi, L., Ulmer, P., Reusser, E., Ardia, P., 2013. Rheology of volatile-
bearing crystal mushes: mobilization vs. viscous death. Chemical Geology
345, 16e39.
Pitcher, W.S., Berger, A.R., 1972. The Geology of Donegal: a Study of Granite
Emplacement and Unrooﬁng. Wiley Interscience, London, p. 435.
Poland, M.P., Fink, J.H., Tauxe, L., 2004. Pattern of magma ﬂow in segmented silicic
dikes at Summer Coon volcano, Colorado: AMS and thin section analysis. Earth
and Planetary Science Letters 219, 155e169.
Pons, J., Barbey, P., Dupuis, D., Léger, J.M., 1995. Mechanism of pluton emplacement
and structural evolution of a 2.1Ga juvenile continental crust. The Birimian of
Southwestern Niger. Precambrian Research 70, 281e301.
Pons, J., Barbey, P., Nachit, H., Burg, J.P., 2006. Development of igneous layering
during growth of pluton: the Tarçouate laccolith (Morocco). Tectonophysics
413, 271e286.
Pupier, E., Barbey, P., Toplis, M.J., Bussy, F., 2008. Igneous layering, fractional crys-
tallization and growth of granitic plutons: the Dolbel batholith in SW Niger.
Journal of Petrology 49, 1043e1068.
Rabinowicz, M., Vigneresse, J.L., 2004. Melt segregation under compaction and
shear channelling: application to granitic magma segregation in a continental
crust. Journal of Geophysical Research B109, B04407. http://dx.doi.org/10.1029/
2002JB002372.
Ramberg, H., 1975. Particle paths, displacement and progressive strain applicable to
rocks. Tectonophysics 28, 1e37.
Ramsay, J.G., Huber, M.I., 1983. Modern Structural Geology: Strain Analysis. Aca-
demic Press, p. 307.
Ranalli, G., 1995. Rheology of the Earth. Chapman and Hall, London, p. 413.
Rapela, C.W., Baldo, E.G., Pankhurst, R.J., Saaverda, J., 2002. Cordierite and leucog-
ranite formation during emplacement of highly peraluminous magma: the El
Pilon granite complex (Sierras Pampeanas, Argentina). Journal of Petrology 43,
1003e1028.
Robin, P.Y.F., Cruden, A.R., 1994. Strain and vorticity patterns in ideally ductile
transpression zones. Journal of Structural Geology 16, 447e466.
Rochette, P., Aubourg, C., Perrin, M., 1999. Is this magnetic fabric normal? A review
and case studies in volcanic formations. Tectonophysics 307, 219e234.
Roda-Robles, E., Pesquera, A., Gil-Crespo, P., Torrez-Ruiz, J., 2012. From granite to
highly evolved pegmatite: a case study of the Pinilla de Fermoselle gran-
iteepegmatite system (Zamora, Spain). Lithos 153, 192e207.
Román Berdiel, T., Gapais, D., Brun, J.P., 1995. Analogue models of laccolith forma-
tion. Journal of Structural Geology 17, 1337e1346.
Roscoe, R., 1952. The viscosity of suspensions of rigid spheres. British Journal of
Applied Physics 3, 267e269.
Rosenberg, C.L., Handy, M.R., 2005. Experimental deformation of partially melted
granite revisited: implications for the continental crust. Journal of Metamorphic
Geology 23, 19e28.
Rudnicki, J.W., Rice, J.R., 1975. Conditions for the localization of deformation in
pressure sensitive dilatants materials. Journal of the Mechanics and Physics of
Solids 23, 371e394.
Rushmer, T., 2001. Volume change during partial melting reactions: implications for
melt extraction, melt geochemistry and crustal rheology. Tectonophysics 342,
389e405.
Rust, A.C., Manga, M., Cashman, K.V., 2003. Determining ﬂow type, shear rate and
shear stress in magmas from bubble shapes and orientations. Journal of
Volcanology and Geothermal Research 122, 111e132.
Rutter, E.H., Neumann, D.H., 1995. Experimental deformation of partially molten
Westerly granite under ﬂuid-absent conditions, with implications for the
extraction of granitic magmas. Journal of Geophysical Research B100,
15697e15715.
Rutter, E.H., Brodie, K.H., Irving, D.H., 2006. Flow of synthetic, wet, partially molten
“granite” under undrained conditions: an experimental study. Journal of
Geophysical Research B111, B06407. http://dx.doi.org/10.1029/2005JB004257.
Schall, P., Van Hecke, M., 2010. Shear bands in matter with granularity. Annual
Review of Fluid Mechanics 42, 67e88.
Schulmann, K., Jezek, J., Venera, Z., 1997. Perpendicular linear fabrics in granite:
markers of combined simple shear and pure shear ﬂows? In: Bouchez, J.L.,
Hutton, D.H.W., Stephens, W.E. (Eds.), Granite: From Segregation of Melt to
Emplacement Fabrics. Kluwer Academic Publishers, pp. 159e176.
Schulmann, K., Jezek, J., 2012. Some remarks on fabric overprints and constrictional
AMS fabrics in igneous rocks. International Journal of Earth Sciences 101,
705e714.
Sela, Z., 2006. Diophantine geometry over groups VI: the elementary theory of a
free group. Geometric and Functional Analysis 16, 707e730.
Shannon, J.R., Walker, B.M., Carten, R.B., Geraghty, E.P., 1982. Unidirectional solidi-
ﬁcation textures and their signiﬁcance in determining relative ages of in-
trusions at the Henderson Mine, Colorado. Geology 10, 293e297.
Simpson, C., Schmid, S.M., 1983. An evaluation of criteria to deduce the sense of
movement in sheared rocks. Bulletin of the Geological Society of America 94,
1281e1288.
J.-L. Vigneresse / Geoscience Frontiers 6 (2015) 635e663 663Smith, J.V., 2000. Textural evidence for dilatant (shear thickening) rheology of
magma at high crystal concentrations. Journal of Volcanology and Geothermal
Research 99, 1e7.
Spray, J.G., 1992. A physical basis for the frictional melting of some rock forming
minerals. Tectonophysics 204, 205e221.
Stein, D.J., Spera, F.J., 1992. Rheology and microstructure of magmatic emulsions:
theory and experiments. Journal of Volcanology and Geothermal Research 49,
157e174.
Sylvester, A.G., 2011. The nature and polygenetic origin of orbicular granodiorite in
the Lower Castle creek pluton, northern Sierra Nevada batholiths, California.
Geosphere 7, 1134e1142.
Takahashi, M., Nagahama, H., Masuda, T., Fujimura, A., 1998. Fractal analysis of
experimentally, dynamically recrystallized quartz grains and its possible
application as a strain rate meter. Journal of Structural Geology 20, 269e275.
Takeda, Y.T., Griera, A., 2006. Rheological and kinematical responses to ﬂow of two-
phase rocks. Tectonophysics 427, 95e113.
Tartèse, R., Boulvais, P., Poujol, M., Vigneresse, J.L., 2011. Granite petrogenesis
revealed by combined gravimetric and radiometric imaging. Tectonophysics
501, 98e103.
Thomas, R., Davidson, P., 2012. Water in granite and pegmatite-forming melts. Ore
Geology Reviews 46, 32e46.
Thompson, D.M., 2007. The characteristics of turbulence in a shear zone down-
stream of a channel constriction in a coarse-grained forced pool. Geo-
morphology 83, 199e214.
Thompson, D.M., Nelson, J.M., Wohl, E.E., 1998. Interactions between pool geometry
and hydraulics. Water Resources Research 34, 3673e3681.
Tikoff, B., Fossen, H., 1999. Three-dimensional reference deformations and strain
facies. Journal of Structural Geology 21, 1497e1512.
Tikoff, B., Peterson, K., 1998. Physical experiments of transpressional folding. Journal
of Structural Geology 20, 661e672.
Tommasi, A., Vauchez, A., Fernandes, L.A.D., Porcher, C.C., 1994. Magma-assisted
strain localization in an orogen-parallel transcurrent shear zone of southern
Brazil. Tectonics 13, 421e437.
Trubac, J., Zák, J., Chlupácová, M., Janousek, V., 2009. Magnetic fabric of the Rícany
granite, Bohemian Massif: a record of helical magma ﬂow? Journal of Volca-
nology and Geothermal Research 181, 25e34.
Trubac, J., Zák, J., Chlupácová, M., Janousek, V., 2010. Magnetic fabric of the Rícany
granite, Bohemian Massif: a record of helical magma ﬂow? Trabajos de Geo-
logía, Universidad de Oviedo 30, 289e295.
Truesdell, C.A., Toupin, R., 1960. The classical ﬁeld Theories of mechanics. In:
Flügge, S. (Ed.), Handbuch der Physik, vol. III/1. Springer-Verlag, Berlin,
pp. 226e793.
Turcotte, D.L., 1997. Fractals and Chaos in Geology and Geophysics. Cambridge
University Press, Cambridge, p. 416.
Van Lichtervelde, M., Linnen, R.L., Salvi, S., Beziat, D., 2006. The role of metagabbro
rafts on tantalum mineralization in the Tanco granitic pegmatite, Manitoba. The
Canadian Mineralogist 44, 625e644.
Van Tongeren, J.A., Mathez, E.A., 2012. Large-scale immiscibility at the top of the
Bushveld Complex, South Africa. Geology 40, 491e494.
Vargas, R.J., Gee, J.S., Staudigel, H., Tauxe, L., 1998. Dike surface lineations as magma
ﬂow indicators within the sheeted dike complex of the Troodos ophiolite.
Journal of Geophysical Research B103, 5241e5256.
Velez-Cordero, J.R., Samano, D., Yue, P., Feng, J.J., Zenit, R., 2011. Hydrodynamic
interaction between a pair of bubbles ascending in shear-thinning inelastic
ﬂuids. Journal of Non-Newtonian Fluid Mechanics 166, 118e132.
Venkat-Ramani, M., Tikoff, B., 2002. Physical models of transtensional folding.
Geology 30, 523e526.
Ventura, G., DeRosa, R., Colletta, E., Mazzuoli, R., 1996. Deformation patterns in a
high-viscosity lava ﬂow inferred from the crystal preferred orientation and
imbrication structures: an example from Salina (Aeolian Islands, southern
Tyrrhenian Sea, Italy). Bulletin of Volcanology 57, 555e562.
Vernon, R.H., 1985. Possible role of superheated magma in the formation of
orbicular granitoids. Geology 13, 843e845.
Vernon, R.H., 1990. Crystallization and hybridism in microgranitoid enclave
magmas: microstructural evidence. Journal of Geophysical Research B95,
17849e17859.
Vidal, V., Soubiran, F., Divoux, F., Géminard, J.C., 2011. Degassing cascades in a shear-
thinning viscoelastic ﬂuid. Physical Review E84, 066302. http://dx.doi.org/
10.1103/PhysRevE.84.066302.
Vigneresse, J.L., 1995. Control of granite emplacement by regional deformation.
Tectonophysics 249, 173e186.
Vigneresse, J.L., 1999. Should felsic magmas be considered as tectonic objects, just
like faults or folds? Journal of Structural Geology 21, 1125e1130.
Vigneresse, J.L., 2004. Rheology of a two-phase material with applications to
partially molten rocks, plastic deformation and saturated soils. In: Alsop, G.I.,
Holdworth, R.E., McCaffrey, K.J.W., Hand, M. (Eds.), Flow Processes in Faults
and Shear Zones, pp. 79e94. Geological Society of London, Special Publication
224.Vigneresse, J.L., 2007. The role of discontinuous magma inputs in felsic magma and
ore generation. Ore Geology Reviews 30, 191e216.
Vigneresse, J.L., 2008. Granitic batholiths: from pervasive and continuous melting in
the lower crust to discontinuous and spaced plutonism in the upper crust.
Transactions of the Royal Society of Edinburgh: Earth Sciences 97, 311e324.
Vigneresse, J.L., Barbey, P., Cuney, M., 1996. Rheological transitions during partial
melting and crystallization with application to felsic magma segregation and
transfer. Journal of Petrology 37, 1597e1600.
Vigneresse, J.L., Bouchez, J.L., 1997. Successive granitic magma batches during
pluton emplacement: the case of Cabeza de Araya (Spain). Journal of Petrology
38, 1767e1776.
Vigneresse, J.L., Burg, J.P., 2004. Some insigths on the rheology of partially molten
rocks. In: Grocott, J., Tikoff, B., McCaffrey, K.J.W., Taylor, G. (Eds.), Vertical
Coupling and Decoupling in the Lithosphere, pp. 327e336. Geological Society
London Special Publication 272.
Vigneresse, J.L., Burg, J.P., Moyen, J.F., 2008. Instabilities development in partially
molten rocks. Bolletin della Societa Geologica Italiana 127, 235e242.
Vigneresse, J.L., Tikoff, B., 1999. Strain prtitioning during partial melting and crys-
tallizing felsic magmas. Tectonophysics 312, 117e132.
Vigneresse, J.L., Tikoff, B., Améglio, L., 1999. Modiﬁcation of the regional stress ﬁeld
by magma intrusion and formation of tabular granitic plutons. Tectonophysics
302, 203e224.
Vigneresse, J.L., Truche, L., Chattaraj, P.K., 2014. Metal (copper) segregation in
magmas. Lithos 208e209, 462e470.
Walker, I.J., Hesp, P.A., 2013. Fundamentals of aeolian sediment transport: airﬂow
over dunes. In: Shroder, J.F., Lancaster, N., Sherman, D.J., Baas, A.C.W. (Eds.),
Treatise on Geomorphology, Aeolian Geomorphology, vol. 11. Academic Press,
San Diego, pp. 109e133.
Wallace, P.J., 2005. Volatiles in subduction zone magmas: concentration and ﬂuxes
based on melt inclusion and volcanic gas data. Journal of Volcanology and
Geothermal Research 140, 217e240.
Webb, S.L., Dingwell, D.B., 1990. Non-Newtonian rheology of igneous melts at high
stresses and strain rates: experimental results for rhyolite, andesite, basalt and
nephelinite. Journal of Geophysical Research B95, 15695e15701.
Webber, K.L., Falster, A.U., Simmons, W.B., Foord, E.E., 1997. The role of diffusion-
controlled oscillatory nucleation in the formation of line rock in pegmatite-
eaplite dikes. Journal of Petrology 38, 1777e1791.
Weijermars, R., Poliakov, A., 1993. Stream functions and complex potential. Impli-
cations for development of rock fabric and the continuum assumption. Tecto-
nophysics 220, 33e50.
Weinberg, R.F., Sial, A.N., Pessoa, R.R., 2001. Magma ﬂow within the Tavares pluton,
northeastern Brazil: compositional and thermal convection. Geological Society
of America Bulletin 113, 508e520.
Wenk, H.R., Bunge, H.J., Jansen, E., Pannetier, J., 1986. Preferred orientation of
plagioclase-neutron diffraction and U-stage data. Tectonophysics 126, 271e284.
Wiebe, R.A., Collins, W.J., 1998. Depositional features and stratigraphic sections in
granitic plutons: implications for the emplacement and crystallization of
granitic magma. Journal of Structural Geology 20, 1273e1289.
Wilkinson, D., Willemsen, J.F., 1983. Invasion percolation: a new form of percolation
theory. Journal of Physics A16, 3365e3376.
Wong, T.F., Baud, P., Klein, E., 2001. Localized failure in a compactant porous rock.
Geophysical Research Letters 28, 2521e2524.
Xie, Y., Wenk, H.R., Matthies, S., 2003. Plagioclase preferred orientation by TOF
neutron diffraction and SEM-EBSD. Tectonophysics 370, 269e286.
Xypolias, P., 2010. Vorticity analysis in shear zones: a review of methods and ap-
plications. Journal of Structural Geology 32, 2072e2092.
Yokoyama, N., Maruyama, Y., Mizushima, J., 2012. Origin of the bathtub vortex and
its formation mechanism. Journal of the Physical Society of Japan 81, 074401.
http://dx.doi.org/10.1143/JPSJ.81.074401.
Zák, J., Paterson, S.R., Memeti, V., 2007. Four magmatic fabrics in the Tuolumne
batholiths, central Sierra Nevada, California (USA), Implications for interpreting
fabric patterns in plutons and evolution of magma chambers in the upper crust.
Geological Society of America Bulletin 119, 184e201.
Zák, J., Verner, K., Týcová, P., 2008a.Grain-scale processes in actively deformingmagma
mushes: new insights from electron backscatter diffraction (EBSD) analysis of
biotite schlieren in the Jizera granite, Bohemian Massif. Lithos 106, 309e322.
Zák, J., Verner, K., Týcová, P., 2008b. Multiple magmatic fabrics in plutons: an
overlooked tool for exploring interactions between magmatic processes and
regional deformation? Geological Magazine 145, 537e551.
Zalc, J.M., Reyes, S.C., Iglesia, E., 2004. The effects of diffusion mechanism and void
structure on transport rates and tortuosity factors in complex porous struc-
tures. Chemical Engineering Science 59, 2947e2960.
Zenit, R., Magnaudet, J., 2008. Path instability of rising spheroidal air bubbles: a
shape-controlled process. Physics of Fluids 20, 061702. http://dx.doi.org/
10.1063/1.2940368.
Zenit, R., Magnaudet, J., 2009. Measurements of the streamwise vorticity in the
wake of an oscillating bubble. International Journal of Multiphase Flow 35,
195e203.
